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Abstract
The recent dramatic trend towards always-on-connectivity has driven the need for mobile
ubiquitous computing environments with the advent of the Wireless Local Area Network
(WLAN) seeing a shift from traditional wired networks to wireless networking. A
WLAN typically contains a number of access points that allow wireless enabled clients
access information and network resources such as the internet without the need for wires,
offering flexibility and mobility to the users. Initial wireless networks were convenience
based allowing users access to the primary wired network, and involved little planning
prior to roll-out. The proliferation of low cost wireless devices combined wdth more
advanced high data rate services such as voice and video over WLAN has stimulated
large wireless deployments across many industry sectors. Given the wide spread usage of
multimedia applications and their associated high bandwidth and time critical constraints
the need for robust and reliable wireless networks is critical in satisfying the throughput
needs of network users where the concept of a network being merely for lowly data
transfer is long outdated. Apt design and implementation are the first necessary steps to
enable the transition from convenience-driven deployments with low usage requirements
to the critical business asset that WLAN is fast becoming.
The complex nature of WLAN design has led many of the deployments being
done in an ad-hoc fashion without efficient design methodologies. Although this
approach may work for a small environment with a small number of access points, it is
infeasible to use such a process when designing a larger wireless infrastructure. The lack
of planning has motivated much research into the investigation of formal optimisation
techniques for the accurate design of a WLAN. Unfortunately the approaches taken do
not address one major issue when designing a complex and demanding wireless network
infrastructure, namely scalability. An optimisation algorithm must consider a multitude of
design criteria and therefore needs to be scalable to be successfully applied to large
scenarios. The main contribution of the work presented in this thesis is the development
of a scalable optimisation algorithm based on the tools of distributed AI, which
overcomes the failings of current approaches and can be utilised for WLAN design
regardless of size or complexity of site specific requirements.
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Chapter 1

Introduction

There are a number of characteristics indicative of wireless local area networks
(WLAN) that have driven its growing popularity in recent years including increased
mobility and the flexibility that is available when faced with difficult cabling situations. In
Ireland, Eircom a telecommunications supplier, has by 2008 over 1000 wireless hotspots
throughout the country allowing internet access to its customers in hotels, bars, restaurants
and even sports grounds [1]. This accessibility has increased the expectations of users to
have connectivity through wireless devices anywhere at anytime. This user demand has
proliferated through to enterprises also, much of the initial enterprise deployments were
convenience-driven, allowing employees access to the existing wired network, but the
influx of cheap and available mobile devices such as laptops, smart phones and Personal
Digital Assistants (PDA) have forced enterprises to focus their attention on mobilityfocused IT solutions [2][3]. Mobile devices are increasingly being incorporated into
business systems, the ability of employees to operate on a more mobile basis leads to
increased productivity and a greater return on investment [4]. Another driving force behind
the progression from small convenience-based networks to large advanced enterprise
deployments is the availability of more advanced applications. Not only can a wireless
network provide a gateway to the existing network but an advanced deployment can also
support more advanced services such as voice over WLAN and real-time location-based
services [3J. This new generation of wireless networks have forced practitioners to move
from an ad-hoc deployment strategy to the use of proper design methodologies.
Anyone who has undertaken a complex task is aware of the importance of
planning, consider the saying “If you fail to plan, you plan to fail”, this is especially true
when installing a WLAN. A major cost incurred by enterprises when deploying WLAN
relates to downtime costs and support costs due to trouble shooting and repair, thus a good
design is an essential stepping stone to achieving a viable and cost effective WLAN,
particularly in large environments. The rapid increase in popularity of WLAN in recent
years has led to many of the deployments being done in an ad-hoc fashion with a lack of
proper design methodologies. A common approach involves a radio frequency (RL) site
1
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survey, in this case the designer evaluates potential positions of access points by deploying
them based on experience or a best guess. The designer then continues to carry out an
extensive measurement campaign to evaluate coverage range and interference, if the
configuration does not work then the designer tries a new configuration or adds more
access points, and then repeats the process. This is time intensive and costly for a designer
to undertake. It also requires the designer to have a good knowledge of RF behaviour
within buildings. Although this approach may work for a small environment with a small
number of access points, it is infeasible to apply such a process when designing a larger
WLAN. Another draw back of a site survey is that even if 100% coverage can be achieved
the WLAN may not have the sufficient capacity to maintain user connectivity.
The designer must consider the environment configuration, coverage constraints,
user demands on the WLAN, application types that will be using the WLAN infrastructure
and co-channel interference when undertaking a design. The sheer magnitude of factors
that influence the performance of a WLAN emphasise the need for a software tool that
automatically and intuitively designs a WLAN based on user specified demands regardless
of the environment size. There are software tools available that implement propagation
modelling to provide the user with a suggestive plan that can maximise signal coverage and
reduce interference. Planning for coverage alone will not lend itself to a viable WLAN,
without the consideration of quality of service (QoS) requirements the design will fail to
produce the required performance users expect.
Planning tools that are currently available to designers lack one critical element, a
scalable optimisation technique. The use of an optimisation technique will allow designers
to evaluate a suggestive number of access points and more importantly their optimal
position to attain expected QoS regardless of the environment constraints and size. In the
context of WLAN design a scalable optimisation algorithm does not refer to the associated
time complexity but rather the ability to maintain the quality of the solution (distance from
the optimum) regardless of the design scenario. The quality of the optimisation output does
not deteriorate as the problem size increases when a scalable optimisation algorithm is
applied. The realisation of the benefits that can be achieved by the application of
optimisation techniques to WLAN design has stimulated much research in the area. As will
be shown later much of these algorithms do not consider all performance measures required
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for a good design or more critically fail to provide a solution that can handle the complex
nature of large enterprise networks.

1.1 Motivation and Thesis
The application of formal optimisation techniques is vital to successfully design
more complex, viable and cost effective WLAN. Consequently this area has received
significant research interest in recent years, but there is no one scalable optimisation
algorithm available that considers all aspects of WLAN design problem and achieves an
optimal solution regardless of environment size. The current collection of algorithms by
and large optimise some of the important performance measures of WLAN but not
altogether due to the complexity inferred, also the approaches generally take a centralised
view of the problem which does not lend itself to be applied to large scenarios where the
number of optimisation parameters cause the convergence of the algorithm to become
unpredictable. The main motivation of the research work presented is to address the
failings of current design methodologies by developing a scalable optimisation technique
that can be incorporated in a WLAN planning tool for automatic and accurate design of a
viable WLAN regardless of problem constraints.

1.2 Research Challenges & Contribution
An efficient and scalable optimisation technique is the foundation of achieving
good design to meet user demands in any environment. The objective of the research work
presented in this thesis, is the development of an optimisation technique for WLAN design
that addresses the drawbacks of current design approaches by encapsulating all problem
requirements and more importantly address the issue of scalability when large scenarios are
designed. The progression towards achieving this goal involved a number of important
phases. Firstly a comprehensive review of current design approaches and optimisation
techniques that are applied to wireless network design is required. This step will lead to a
better understanding of the WLAN design problem and highlight the failings of such
approaches.
The second step towards a solution is the WLAN problem specification. WLAN
design is a multi facetted problem, with many elements that influence the performance of a
WLAN. These elements need to be identified in order to define the optimisation criteria
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and certify the quality of a solution produced. The final and most crucial step of the process
is the examination of various optimisation approaches to gauge their suitability for WLAN
design. The main contribution of the research presented in this thesis is the decentralisation
of the planning problem to produce a much higher quality WLAN design than that can be
achieved by the design approaches currently being used. The exploitation of the tools of
distributed Artificial Intelligence (AI) has resulted in the development of a novel
optimisation algorithm that is capable of producing a near optimal solution regardless of
the design criteria. Another desirable characteristic of the developed algorithm is that it
only requires the setting of two optimisation parameters which is far superior to many other
optimisation algorithms requiring extensive parameter initialisation and tuning. The work
presented in this thesis will be evaluated to demonstrate a scalable solution to WLAN
design can be achieved using such an algorithm.

1.3 Thesis Outline
The remainder of this thesis is organised as follows:
■

Chapter 2 summarises the main objectives and contributions.

■

Chapter 3 presents an overview of the current approaches to WLAN design
including site survey, signal propagation modelling and detail existing optimisation
algorithms that have been adapted for WLAN optimisation. The chapter will derive
a motivation for the proposed distributed algorithm for scalable WLAN
optimisation.

■

Chapter 4 will introduce the WLAN design problem, detailing the multitude of
problem specific requirements that need careful analysis and have a clear impact on
the quality of a design solution. This chapter also highlights the need for a design
tool to facilitate the mapping of these requirements to an optimisation technique.

■

Chapter 5 will discuss the major contributions of the thesis, detailing the research
into various optimisation approaches for large scale WLAN design with the view to
addressing the failings of current design approaches.

■

Chapter 6 will provide a detailed evaluation of the developed optimisation
techniques for WLAN design, including algorithm scalability and solution quality.
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Chapter 7 provides a summary of the conclusions that can be deduced from the
work presented and provides future directions that this research work can take.
Chapter 8 reflects on the conclusions that can be drawn from completing this
research.

Chapter 2 Objectives of the Research

Chapter 2

Objectives of the Research

The main objective of this research presented can be summarised as follows:

1. A comprehensive review of current approaches to WLAN design, highlighting the
draw backs of these approaches with particular focus on application to large-scale
WLAN design.

2. Investigation of specific problem requirements for automatic WLAN planning
that provides an efficient user centric wireless network, customised to meet the
needs of a particular working environment.

3. The development and evaluation of optimisation techniques, which overcomes the
drawbacks of the current approaches to WLAN planning and provides a solution
to the problem of scalability when optimising large-scale WLAN based on the
tools of distributed AI.
4. Evaluation and

comparison of centralised

optimisation

and

distributed

optimisation approaches with particular focus on their suitability for large-scale
WLAN design

Chapter 3 Current Approaches to WLAN design

Chapter 3

Current Approaches to WLAN design

3.1 Introduction
There are a number of benefits associated with WLAN that have prompted a
rapid increase in its popularity within many organisations across many sectors [4][5],
these can be summarised as user mobility, broader reach,

ease of use, flexibility,

scalability and low cost. Although these benefits are highly desirable to an organisation
there remains some limitations that obstruct the deployment of large wireless networks
including speed, QoS and reliability. These drawbacks are intensified as a result of
substandard design.
The design of a WLAN is no trivial task; designers tend to place access points
within the region where coverage is needed, this approach may be valid if it was the
deployment of a single access point to cover a small area such as an office or conference
room, but when designing a larger area the focus on adequate coverage alone can result in
a WLAN that lacks the performance required by users. As a result of high user
expectations and the requirement for much larger enterprise WLANs, the design process
has evolved from simple/ad-hoc deployment to the use of formal optimisation techniques
with the aim of producing a viable and efficient WLAN. This chapter will discuss this
evolution, describing common approaches employed by designers including simple “rules
of thumb” based on best guess or experience (3.2), site survey (3.3), the use of software
planning tools (3.4) and finally the application of formal optimisation techniques (3.5).
Due to the obvious cost savings that can be achieved with careful design, much
of the research concerning optimisation techniques has been focused on cellular networks
(Section 3.5.1). For WLAN design complicated optimisation and channel parameter
prediction techniques were generally deemed as too costly to implement, but the
increased popularity of WLAN deployments coupled with high user expectations has
altered this opinion. Many researchers have drawn from the successes of cellular
planning in an attempt to develop optimisation approaches that can aid in the
development and design of WLAN. As will be presented in Section 3.5.2 the transition
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between the two problems is not straight forward, as a result many optimisation
algorithms fall short of providing a viable solution, especially when applied to large-scale
WLAN design. It is the goal of the research presented here to address the shortcomings of
existing design techniques by developing an efficient and scalable optimisation algorithm
that can be applied to any WLAN design regardless of size and user requirements.

3.2 Regular deployment
Although many organisations have started using WLAN, there are still very few
tools available that can help the design of WLAN without a lot of investment, time and
money. As a result, the current deployment remains ad-hoc in nature. Common practice
when placing access points is based on the estimated radius of signal level from an access
point, using this radius, access points are placed in a rectangular format as shown in
Figure 3-1 [6]. This figure shows a deployment in a multi-story building where D'
indicates the distance between adjacent access points on different floors, the smaller
circles indicate the signal radius on the floors above and below the floor the access point
is placed, which is smaller than the outer circle indicating the radius on current floor. The
draw back of such a simple technique is two fold, firstly the rectangular deployment
idealises signal coverage, in reality indoor environments are often dense with many
obstacles, and the influence of these obstacles on signal coverage may be less than ideal
resulting in an access point configuration that fails to provide sufficient coverage.
Secondly, when applied to a large scenario such an approach may not only lead to poor
performance it can also result in “over-design”, where more access points than necessary
are deployed.

Figure 3-1 Rectangular Deployment based on idealised access point coverage |6|
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3.3 Site Survey
A more experienced designer who is familiar with the nature of RF coverage
within a building may opt to undertaking a site survey. A site survey involves the initial
deployment of some access points in areas that may provide good coverage based on the
designers experience and a best guess approach. By using site survey software tools
signal coverage can be evaluated in WLAN target areas to identify “dead zones” where
coverage is too weak or non existent. Based on the results of the site survey the current
configuration can be adjusted to improve performance. Coverage gaps can be eliminated
by adding more access points or moving current access points to a new position. The site
survey is then repeated to validate the new configuration. In general, basic site survey
software comes free from the wireless card provider and allows passive scanning and the
viewing of signal quality. There are also a number of other site survey tools available for
various operating systems that permit active scanning, which allows a wireless enabled
device probe access points and record received signal level. Examples of a few tools are
MacStumbler (Mac OS) [7], WaveStumbler (Linux) [8], Airmagnet Site Survey
(Microsoft® Windows) [9] and Ekahau site survey [10]. This iterative approach may
result in an accurate design but is time consuming and costly for the designer. Also it is
completely infeasible to use a site survey method in a large environment where an
extensive measurement campaign is required to achieve a reasonable design. To address
this deficiency a combination of site survey and software planning tools are used to
reduce the number of measurements required, the following section will describe some of
the planning tools available to a designer.

3.4 Propagation Modelling and Planning tools
There are a number of software planning tools that incorporate signal
propagation modelling and environment specific constraints to model and evaluate
possible configurations of access points for a WLAN design. Examples of such tools
include Red-Predict'^^ from Red-M [11], LanPlanner from Motorola [12], RingMaster
from Trapeze Networks [13], Cisco Wireless Control System from Cisco [14] (formally
Aire space Control System)^ AirMagnet Planner from AirMagnet [9] and Cindoor from
the GISAR Group of Universtiy of Cantabria Spain [15]. In general these planning tools
are RF design software, with two design steps. The first step requires the definition of site
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specific requirements, the various tools require different levels of detail from general
environment description to wall definitions mapped into a database of material properties.
The second step involves the design of the WLAN using propagation modelling. Each
tool incorporates a propagation model to allow the designer evaluate various
configurations of access point placements within an indoor environment, view estimated
signal coverage, predict potential problem areas and evaluate co-channel interference.
Based on these predictive tools, the designer continues by deploying the access points in
suggested positions and validates the deployment by means of a site survey. [9],[12] and
[13] state that the tools can suggest the best position for access points based on
requirements. The tools mentioned are proprietary systems so it is difficult to definitively
evaluate the accuracy of the propagation models or their associated predictive
capabilities, but there is no indication of any formal optimisation technique being used in
the available information. Although there is no optimisation technique described,
WinProp from AWE Communications [16] does provide the additional ability to set
priority areas to ensure full coverage is given in those zones, this feature allows the
designer to tailor their design to site-specific demands.
fhe tools described above incorporate RF-planning and site survey to make it
easier for the designer to plan and verify a deployment. RF-planning alone is not
sufficient for a viable WLAN, providing sufficient coverage will not guarantee sufficient
bandwidth for users of the WLAN. Although some of the tools include capacity planning,
without the incorporation of a scalable optimisation technique the employment of these
tools for a large WLAN design can fall short of providing a viable and efficient WLAN.
This is a major inadequacy and highlights the motivation of the research presented in this
thesis, the increase in large user centric wireless networks demands a planning tool that
can consider all problem specific requirements and automatically design an access point
configuration that satisfies these conditions. An integral part of this tool must be an
efficient, stable and most importantly scalable optimisation technique. The following
section investigates research related to the application of optimisation techniques to
address the problems that arise due to current design approaches for WLAN.
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3.5 Optimisation Techniques
The inefficiencies of the previously described approaches to WLAN design and
the obvious requirement for computer aided planning tools has prompted much research
in the area. Much of the research has been directed towards determining the most suitable
optimisation technique for general environments. To gain a better understanding of the
WLAN optimisation problem, this section describes research in the area of optimisation
for wireless networks. A major contributor to the choice of formal design methods for
WLAN has been the successful application of optimisation algorithms to cellular network
design, although there are some distinct differences between the optimisation problems.
The following sections will describe the cellular planning problem and why it has been
used as a foundation to the application of formal optimisation techniques for WLAN
design. The section will then continue to describe current optimisation approaches for
WLAN design to underline the inefficiencies of such approaches.

3.5.1 Cellular Network Planning (Problem Formulation)
Initially research into coverage planning was focused on cellular networks, due
to the high costs associated with installing base stations and the desire to maximise
service for high capacity networks. Careful planning and optimisation is essential to gain
maximum return on investment.
A common analogy for the planning problem is the Minimum Dominating Set
(MDS) problem [I7][18][ I9j. MDS is a special case of the Minimum Set Covering
problem whose optimisation version has been shown to be NP-hard [20]. The goal of
cellular network optimisation is obvious, maximise coverage with a minimum number of
base station installations. The cellular planning problem formulation to achieve this goal
can take many forms but there are a number of common factors that are essential to
consider:
Initial set of candidate positions
Quality of Service Estimation
Interference
Cost Function formulation
Optimisation technique
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The work presented in [17] gives a good insight into the cellular planning
problem formulation and identifies the general requirements for tackling such a problem.
The algorithm begins with the specification of the number of candidate base stations;
these are then placed randomly within the test environment. In real scenarios the initial
set of potential base station locations would depend on geographical considerations and
constraints. The next step is to divide the environment into a regular grid; each grid point
is represented by a a? bit binary string, n being the number of candidate base stations
specified by the designer. The bit string represents the subset of base stations that
sufficiently cover that point. A simple path loss model is used in [17] to estimate a
coverage range per base station with a defined threshold of 100 dB, any point that is
below this threshold is deemed to be sufficiently covered. It is also acknowledged by the
author that there is a need for the incorporation of a more complex radio propagation
model to represent real scenarios. Path loss, empirical and semi-empirical models such as
those in [21 ] and [22] are a popular choice for cellular planning tools due to their ease of
implementation and fast processing time in comparison to complex ray-tracing or
deterministic propagation models. Although coverage is the core of the QoS metric, a
number of other factors can also be included such as traffic capacity model, provisions
for hand over and interference, these elements are described further in [19]. In [17] a
simple cost function is defined and used by the optimisation techniques to evaluate a
solution. The function is calculated as the number of base stations required divided by the
percentage of covered points. Such a cost function aims to steer the optimisation
technique towards to a solution that minimises the number of base stations while
maximising signal coverage.
A cost function is correlated to the components used to evaluate the quality of
service and its definition is closely linked to the optimisation technique employed.
Another important consideration when designing cellular networks is frequency
assignment to minimise co-channel interference. Due to the inherent complexity when
combining the problem of base station positioning with the frequency assignment
problem (FAR), it is generally considered as a separate optimisation problem. With a
clear understanding of the problem requirements the next step is the choice of an
appropriate optimisation technique.
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3.5.1.1

Optimisation Techniques for Cellular Planning
A number of local search techniques that have been applied to the cellular

planning problem are investigated in [17], considering also the influence of various
algorithm parameters on performance. The optimisation techniques examined include
Random Walk (RW), Simulated Annealing (SA), Tabu Search (TS) and Genetic
Algorithms (GA). The author compares the performance of each technique using the
previously described cost function and briefly describes the tuning required to achieve
desired performance from the associated technique. Both GA and TS perform well with
TS producing more stable results. The results presented in this paper suggest that local
search algorithms perform well when applied to cellular network planning but a more
complex cost function may significantly reduce the perfonnance of such approaches.
A comprehensive description of the most effective and frequently used
techniques employed for automatic planning for cellular networks can be found in [19].
These algorithms include heuristic algorithms such as Greedy Algorithms, Exact
Algorithms (backtracking & forward checking) which are only useful for application to
small cases or to find an initial solution that can be tuned further by a local search
method. Hill Climbing was also applied but can get trapped in a local optimum; to
overcome this issue meta-heuristic neighbourhood search algorithms such as SA or TS
can be employed [19]. The work presents the evolution of cellular planning, the
complexity and range of constraints involved when tackling a network design problem
requires tailoring of the optimisation technique. The application of meta-heuristic
approaches is therefore generally favoured over mathematical programming, due to the
difficulty associated with tailoring mathematical formulations.
As stated in the previous section, FAP is usually considered as a separate
optimisation problem, [18] proposes that better results can be achieved when both
problems are viewed as a single design step. Therefore to handle the extra complexity
introduced an evolutionary multi-objective optimisation technique is implemented. The
FAP is comparable to Vertex Colouring Problem [23] as a special case. The algorithms
considered in this paper are the Nondominated Sorting Genetic Algorithm (NSGA) and
the Strength Pareto Evolutionary Algorithm (SPEA). These algorithms have high time
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complexity, therefore to speed up the evolutionary process a new multi-objective steady
state evolutionary algorithm with Pareto tournaments (stEAPT) is proposed.
This approach involves the creation of an initial population with a defined
number of generations; the population is evaluated using an objective function
encapsulating three aims: full coverage, minimum cost of transmitter installation and
minimal interference. For each generation, the best parent is selected and mutated based
on the defined evolutionary operators, this parent is then evaluated using the objective
function and finally the population is updated. The author defines many possible
mutation operators including direct mutations drawn from the fitness evaluation and also
random mutations to guarantee that all points in the search space are reachable.
Ultimately the success of any optimisation technique for cellular planning relies heavily
on the mapping of problem specific parameters to the algorithm; hence it is difficult to
gauge which technique will perform the best. The issue of performance benchmarking
various approaches is highlighted in [19], due to the unfair comparison that can arise
when implementation is required as exact replication is difficult to achieve.
3.5.1.2 Cellular Planning: A foundation for formal WLAN Design
The cost savings (time and money) that can be achieved when large cellular
networks are carefully designed are evident and therefore defend the undertaking of
complex optimisation techniques. Unfortunately due to the low cost that is indicative of
WLAN deployments, many practitioners view formal optimisation techniques as being
too complex and costly to implement [24]. As a result designers use “rules-of-thumb” and
ad-hoc deployment as described at the beginning of this section when deploying wireless
networks. As enterprises become more reliant on wireless technologies to ensure mobility
and flexibility without losing reliability such ad-hoc design methods become substandard,
therefore stimulating much interest in applying formal optimisation techniques and
design methodologies to WLAN design. The successes of applying optimisation
techniques for cellular planning have encouraged researchers to employ similar formal
design approaches to WLAN. Directly applying the same optimisation algorithms does
not necessarily guarantee a similar performance for WLAN design, but cellular planning
offers a basis for formal WLAN design. The following section describes recent research
related to the application of optimisation techniques for automatic WLAN design.
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3.5.2 WLAN Design and Optimisation
For WLAN design and optimisation many practitioners draw on similar
approaches used when planning cellular networks, but there are some significant
differences that influence the problem formulation and choice of optimisation technique.
Generally in cellular networks the potential positions for base station placement are
reduced due to environmental restrictions and therefore the initial set available is limited,
in WLAN low cost and size of access points make the number of potential positions
much larger (larger search space). There may still be environmental constraints that need
to be considered when evaluating access point positioning and these constraints need to
be mapped in an intuitive way to aid the designer. In cellular planning parameters such as
transmit power and antenna properties are more critical [25] where as in a WLAN, an
Omni directional antenna is typically used with a fixed transmit power. Another
distinctive difference is concerned with propagation modelling; in typical indoor
scenarios propagation modelling is a complex process, numerous objects may scatter,
diffract, reflect, and absorb radiation. Therefore the density of obstacles has a massive
impact on access point location, and hence quality of service. To develop a clear
understanding of the important indicators of a good quality solution some problem
analysis is required.
In general the goal of indoor WLAN design is to optimise the number of fixed
access points with particular focus on their positioning to achieve maximum
performance. The literature can be divided in two sections based on the objective of the
optimisation. The most popular approach, similar to cellular coverage planning, is to
evaluate the quality of solution based on signal coverage alone, the second approach is to
drive the optimisation based on maximum achievable throughput for the user.
3.5.2.1

Coverage Oriented Optimisation
Much of the literature on cellular planning would suggest that indoor WLAN

planning is equivalent to a coverage planning problem, where the designer should
maximise signal coverage alone to evaluate access point positions. The approaches to
coverage planning presented in [24] and [26]-[29] depend heavily on the accuracy of the
propagation model and evaluate the quality of the solution based on maximum coverage
with minimum number of access points. To achieve a more accurate design this technique
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can be extended to include interference as part of the cost function as has been done in
[6], [18], [19], [30], [31] and [32]. The combination of the coverage problem and channel
allocation makes it much more difficult to evaluate an optimal solution. To overcome the
complexity inferred [32],[25] introduce an overlap metric, therefore rather than
estimating exact interference which may be computationally expensive they exploit
coverage overlap as part of the cost function.
Similar to cellular network planning, the fixed channel optimisation is then done
as a separate optimisation process once the number of access points and their position has
been determined; the reason for this is two fold, firstly the number of variables already to
be considered by the optimisation technique may make it difficult or impossible to
converge to an optimal solution and secondly as noted in [25] most of the access points
currently available on the market operate with dynamic channel allocation capabilities. A
coverage-oriented approach leads to a WLAN providing sufficient coverage it may not
however, provide the quality of service expected by its users. Consequently, relying
solely on signal coverage will not lend itself towards an effective WLAN design.
3.5.2.2 User Demand Oriented Optimisation
It is acknowledged that an accurate propagation model is an integral element
when attempting to produce an accurate design but it is also vital that a capacity metric
and site specific user demands are considered, the authors in [25],[30],[33] and [34]
concur with this opinion and include such a constraint as part of the optimisation in the
form of bandwidth sharing criteria and throughput lookup tables. Although the approach
taken in [26] allows the user to define a priority map where high capacity areas can be
defined in order to focus coverage in those areas, it does not directly include throughput
as part of its cost function. Planning for capacity is essential to produce a viable WLAN,
if sufficient capacity is achieved then adequate coverage will follow.
Once the constraints on the optimisation are identified they need to be combined
with an efficient and scalable optimisation technique to produce a feasible WLAN
regardless of the problem size.
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3.5.2.3 Optimisation Techniques for WLAN design
The optimisation techniques that have been applied to WLAN design range
from simple search methods [26][1][27] which may not be feasible for large designs,
mathematical optimisation approaches including Integer Linear Programming [30][35],
Quadratic Programming [32][33], evolutionary algorithms such as Genetic Algorithm
[36], Genetic Programming [37], steady state Evolutionary Algorithm with Pareto
Tournaments (stEAPT) [18] and Multi-Objective Genetic Algorithm (MOGA) [34],
Evolutionary algorithms are successfully applied but depend heavily on tuning of
parameters for the application. The most popular optimisation approaches applied are
direct search methods, mainly due to the fact they are easy to implement, flexible and
robust [39]. Another advantage of these methods is they only need the value of a function
to be optimised. Some of the direct search methods that have been applied include
Nelder-Mead “simplex” Method [40] [29], SA [24], TS [38] and Powell’s Conjugate
Direction Method [31].
In [33][32] it is recommend that a combination of techniques can be applied to
create a good design. Firstly to get an initial solution, a greedy phase is used followed by
local search algorithms to tune the solution. Direct search methods appear to be well
suited for WLAN design problem but one pressing issue that needs to be addressed is
scalability, when the number of variables becomes too large these global optimisation
techniques become unstable and may not converge to an optimal solution.
3.5.2.4 Problem Scalability
The issue of scalability for WLAN design is investigated in [28]. The work
attempts to address it by implementing Discrete Gradient Optimisation. Discrete Gradient
Optimisation is a derivative-free method, which does not require any restrictions on
access point positions. The algorithm involves starting with an initial access point (N =
1), a cost function is solved, if a solution exists then N is the number of access points
required otherwise N is increased by one and the process starts again, this continues until
a solution is reached. The research presents a clever efficient algorithm with fast
convergence speeds. The solution iteratively grows based on the cost function, making it
scalable and applicable to large scale design. However only a basic open space
environment with a simple path loss model is considered, which is not sufficient in a
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dense indoor environment. The implementation also laeks any site speeific user demand
requirements; based on the details presented in the paper the mapping of these additional
requirements to an uneonstrained funetion may be very diffieult and require a separate
funetion for different environment types, rendering the approach inapplicable to general
environments. In [37] the author applies Genetic Programming (GP) to solve access point
configuration problem. The algorithm evolves a connected graph to minimise device and
wiring cost for a WLAN infrastructure, using GP terminals and functions, including
inserting or cutting a terminal in the graph. The graph begins with partial coverage and
grows to provide full coverage. A minimum spanning tree was added to the algorithm in
order to improve the efficiency of the algorithm. Due to the difficulty of the fitness
function definition the algorithm may introduce unexpected bias on the solution, hence
similar to the previously described paper introducing a more complicated fitness function
for typical indoor environments could seriously hinder the performance of the algorithm.
3.5.2.5 Addressing Problem Scalability for large Scale WLAN design
fhe shortcomings of current approaches to WLAN design have been
highlighted in the previous sections, these include inaccurate propagation modelling, lack
of complete problem constraints and most importantly lack of a scalable optimisation
technique that can be applied to an environment of any size or complexity. To address
these issues it is proposed to develop an intuitive, efficient and scalable optimisation
technique that can be incorporated into a computer-aided design tool to allow a designer
automatically design and optimise a site specific WLAN regardless of size and
requirements.
To achieve this, a number of critical steps need to be taken, firstly close
examination of the WLAN design problem is required to identify what needs to be
achieved, what influences an optimal solution and how the system requirements can be
mapped to the optimisation problem. Secondly appropriate optimisation techniques need
to be evaluated. Based on much of the literature direct search methods are shown to
perform well for WLAN design, therefore the application of Evolution Strategies (ES) is
undertaken in order to gain a better understanding of the problem and investigate how the
quality of a solution can be evaluated. The main disadvantage of optimisation techniques
currently being applied to WLAN design is that a centralised view of the problem
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restricts the size of the problem that can optimised in a stable and efficient manner. It is
expected that the removal of the global view of the problem by utilising the tools of
distributed AI, namely agent design and utility theory will address the issue of scalability.
Therefore the most vital step towards addressing problem scalability is the development
of a distributed algorithm that considers all influential WLAN design criteria and
produces an optimal access point configuration that satisfies network user requirements
with a minimum number of access points.

3.6 Summary
This chapter described current approaches to WLAN design; the drawbacks of
these approaches were highlighted and used as a basis for developing an optimisation
methodology for large scale WLAN design. In general deployment procedures are suboptimal and not suitable for large enterprise networks where users rely solely on the
wireless network for connectivity. The magnitude of factors that can influence the
performance of a WL.AN renders an ad-hoc approach to WLAN design ineffective for
large scenarios. Only by accurately mapping problem specific requirements to a scalable
optimisation technique can an optimal design be achieved in a cost effective and timely
manner. The high demand requirements of large wireless networks combined with the
obvious benefits achieved with cellular network optimisation has prompted practitioners
to investigate more closely the use of formal optimisation methodologies for WLAN
design. Unfortunately the performances of many of these approaches hinge on careful
tuning of the optimisation parameters and take a centralised view of the problem. As a
result these fail to address the issue of scalability when applied to large scale WLAN
design and fall short of providing an efficient approach to WLAN design for general
environments.
A number of necessary steps were identified in the previous section to bring to
fruition a solution to the problem of scalability for large scale WLAN design. The
following chapter details the first step in the process which involves careful analysis of
the optimisation problem leading to the definition of the general requirements for indoor
WLAN design.
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Chapter 4
4.1

WLAN Design Problem Specification

Introduction
When undertaking the difficult task of designing a WLAN there are many

elements that need to be taken into consideration, such as environment configuration,
expected coverage, potential number of users, application types, site specific user
demands and co-channel interference. Therefore the multitude of parameters that can
influence the WLAN design requires close investigation. Irrespective of the optimisation
technique used it is essential to identify the critical factors that are required to gauge the
quality of a potential solution. This in itself is a significant body of work. This chapter
introduces the key elements that a designer needs to consider, the results of which evolve
to become the core inputs and constraints that an optimisation technique relies on. These
include requirements pre-processing (4.2), propagation modelling (4.3), and user
demands satisfaction (4.4).

4.2 Requirements Pre-Processing
Prior to the consideration of any optimisation technique for application to the
problem of access point placement, some problem specific inputs must be defined by the
designer. Requirements pre-processing comprises of the definition of an environment
database, problem specific user demand specification and generation of candidate access
point positions.

4.2.1 Environment Pre-processing (Environment Database)
The most basic requirement needed in order to do any automatic design and
optimisation of a WLAN is the specification of where the WLAN should be deployed.
The environment definition is essentially a skeleton description of a floor plan structure,
which allows the designer to define it quickly with minimal effort. Hence, the building
framework can be conveyed based on a combination of walls. The floor plan is used as an
input for a propagation model that estimates the electromagnetic propagation throughout
the environment, therefore walls with various materials that influence signal prediction
need to be defined. To make it easier for the designer typical wall types can be defined
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and should be included as part of the environment database. Environment walls can be
defined as, but not restricted to light wall, heavy wall, glass or metal. The details of these
parameters are dependent on the propagation model used. More details on propagation
modelling are discussed in section 4.3. A multi-story building can be constructed by
using a stacked approach, each floor plan that is defined as part of the building can be
stacked to create a 2.5D view of the environment, the influence of the floor on signal
level prediction also needs to be considered. Figure 4-1 represents a potential
environment where the WLAN should be deployed.

Figure 4-1 F.nvironment Description

4.2.2 User Demand Specification
With the environment defined the next step is to specify additional constraints
on the WLAN. It is essential that the designer can specify what performance is expected
from the WLAN. It is these requirements that determine whether a suggested solution is
valid or not. The most productive way to define these requirements is to group walls
together to create potential target areas and allow the designer to explicitly specify user
demands in those areas. The designer can also define restricted areas where it may not be
desirable to have coverage, such as in hospitals where the network may cause
interference with other devices, additionally due to environmental constraints it may not
be possible to place access points in certain regions due to access or security issues, these
restrictions should be defined during the user demand specification phase.
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WLAN performance is heavily linked to the ability to support applications;
therefore user throughput has a major impact in WLAN planning. Regardless of the
planning approach taken the designer must estimate how many users will require wireless
service and what type of applications will they use hence access points need to be placed
in a way that shares client load. In order to optimise the access point positions to cater for
the class of users to be catered for by the WLAN, the estimated usage requirements need
to be defined by the designer. Due to the difficulty associated with identifying these
requirements, particularly in large environments, it is suggested to use a user
classification table as shown in Table 4-1 to encapsulate the possible user groups and
applications found in a typical WLAN [41].

Type

Traffic Content

Traffic Load

Lo\\>

Web, Email

100 kbits/user

Medium

Web, Email, File Transfer

150 kbits/user

High

All Applications via WLAN

300 kbits/user

Table 4-1 User Demand Classification Guidelines

There are three user types defined. Low identifies users that have a low traffic
content of 100 kbits/user for web and email usage. Medium suggests users who have a
slightly higher requirement on the WLAN and High indicates the running of all
applications via WLAN requiring 300 kbits/user. Although the custom usage
requirements can be defined for a specific site, this user classification provides a
reasonable guideline for the designer.

4.2.3 Candidate Access Point Grid
To find a global optimal solution for the WLAN design problem all possible
combinations of selected access points would have to be evaluated. The potential search
space for such a problem is enormous and the required computational time for such an
approach would be unacceptable, especially in large complex installations. Therefore to
reduce this search space and improve the speed of optimisation convergence there is a
need to generate a candidate access point grid. This access point grid represents possible
physical positions throughout the environment where an access point can be placed.
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Approaches to the definition of potential access point sites include user defined [26][30]
[32][33], regular deployment where the design area is split into rectangles and access
points are only placed in the centre of these divisions [24], and a combination of a
propagation simulator and regular grid is used in [25]. The number of potential
installation sites has an impact on the quality of a solution and the complexity of the
optimisation; the selection of K access points out of a set of N possible sites is a
combinatorial problem of

It may not be obvious especially in complex problems

what size N should be, if N is too large the search space may be unnecessarily big and if it
is too small there is a risk of missing an optimal solution [37]. The complexity may lead a
designer to reduce the size of N but as stated in [24] a small N is equivalent to a sparse
quantisation of the continuous search space, which increases the probability that none of
the quantised grid points are sufficiently close to the global optimum in the continuous
search space.
It is not feasible to expect the designer to suggest all possible candidate
positions especially in large environments. To automatically generate reference
installation sites an algorithm that considers the geometry of the environment, previously
defined demand areas that require coverage and the restricted areas where access points
should not be placed is required. These criteria may not be captured by a regular
deployment therefore an algorithm based on a growing Neural-Gas network proposed by
Bernd Fritzke [42] has been adopted to generate the grid. In this approach a network
topology is generated incrementally using Competitive Hebbian Learning (CHL) and a
Neural Gas method [43].
The algorithm begins with two units and units are inserted successively during
the self-organising process. To determine where new units should be added local error
measures, calculated as the squared distance between a unit and a randomly generated
point within the environment, are generated during the adaptation process. A unit has a
number of direct topological neighbours; a new unit is inserted between itself and the
neighbour with the highest accumulated error. A detailed description of the algorithm can
be found in [42]. The use of this algorithm allows for the generation and distribution of
access points evenly in complex environments while maintaining desirable positions such
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as on walls and ceilings. The example of the resulting structure of the nodes that make up
the grid mesh is shown in Figure 4-2.

Figure 4-2 Candidate AP mesh generated using Neural Gas Algorithm

It is desirable to place access points along walls potentially close to existing
power source and network cabling. The algorithm can be easily extended to include these
additional constraints but to ensure the inclusion of the wall during coverage prediction,
any potential nodes that are positioned directly on a wall as a result of the neural gas
algorithm must be moved from the wall. As there could also be a dramatic difference on
the prediction depending on which side of the wall an access point might sit, a wall node
is split in two and one placed on either side of the wall and the original position is
discarded during requirements pre-processing. Figure 4-3 demonstrates this procedure.

■>

Potential node position

O New node position

- Wall
Figure 4-3 - Nodes are split to accommodate signal prediction

The structure of the nodes that make up the grid mesh is represented in Figure
4-4. This shows that not only does a candidate access point have a physical position but it
also has a defined transmit power, an associated coverage map generated using the
appropriate propagation model and a list of neighbours, which when connected represent
edges that can be traversed during the optimisation process. The generation of this access
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point grid reduces the optimisation search space and increases optimisation speed as the
generation of the coverage map is only done once before the optimisation begins. The
resulting information from the pre-processing remains static during the optimisation
process and is used as part of the optimisation algorithm to evaluate the quality of a
suggested solution.

Figure 4-4 Candidate Access Point Structure

4.3 Propagation Modelling
The choice of propagation model is exigent to allow for accurate estimation of
signal coverage within an indoor environment. Based on the reviewed literature and close
investigation into existing indoor propagation models it is clear that there is a trade off
between computational time and model accuracy. [28][17][19J use simple path loss
models to predict signal coverage as part of their WLAN design. Such an approach will
greatly reduce the quality of a solution particularly in a complex indoor environment. For
indoor scenarios empirical models such as the Empirical Motley-Keenan Model [36]
[38][34] are typically chosen as they are easy to implement and can be evaluated quickly.
To improve the quality of the optimisation solution further, [24] [26][29] [40] incorporate
more complex Ray tracing models. The higher accuracy of ray tracing models comes at a
price; the complexity of the problem is increased and computation time can become
unacceptable.
To determine the most suitable propagation model for the purposes of
optimisation, two popular propagation models were investigated, firstly the empirical
Multi Wall Model (MWM) [44] due to its ease of implementation, speed and the
minimum environment description that is required and secondly the more accurate Motif
Model [45]. The MWM is evaluated by considering the material properties of the wall,
the aggregate set of walls crossed by a direct line from transmitter and receiver
25
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accumulates to the total penetration loss caused by the building walls giving a more
accurate prediction than a simple path loss model. The Motif Model is more
computationally demanding than the MWM but is much faster to compute than other ray
optical based models because it takes advantage of the simple line-drawing technique of
dividing the environment description into a grid. To investigate the suitability of these
propagation models for the purposes of optimisation, a measurement campaign was
undertaken.

4.3.1 Propagation Model Evaluation
To evaluate both models, measurement was carried out in the Department of
Electronic Engineering at Cork Institute of Technology. Figure 4-5 shows the
configuration of the environment where measurements took place. A single AP was
placed at a height of approx 1.5 metres at the end of a corridor. Using a wireless enabled
laptop, measurements were taken in various locations throughout the environment as
shown in Figure 4-6. The MWM and Motif Model were implemented in software for
analysis and comparison with collated measurement set. Marked out on Figure 4-7 and
Figure 4-8 is predicted signal level in dBm using the MWM and Motif Model
respectively.
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Figure 4-6 Actual Signal Level Measurement 802.11 b
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Figure 4-7 Predicted Signal Level (Optimised MWIM)

Figure 4-8 Predicted Signal Level (IVlotif Model)

Table 4-2 shows the statistical analysis of both models. Both models give an
accurate prediction when compared to real measurements; this is evident from Figure 4-9
which graphs the sample measurement points and the predicted signal level. The MWM
is very fast therefore suitable for optimisation where many coverage maps need to be
generated for a described environment but accuracy can vary with different
environments. While the Motif Model is more accurate and suitable for general
environments it is computationally demanding compared to the MWM.

Standard Deviation Mean Error Time (sec)
<1
0
7.58
Multi Wall Model (Optimised)
Motif Model

5.98

-0.28

6

Table 4-2 Model Analysis Results
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Model Comparison

----- Measured Data(dBm)

MWM Prediction(dBm)—

Motif Model(dBm)

Figure 4-9 Model Comparison Optimised Multi Wall Model

The samples between 540 and 638 perform the worst in the MWM, Figure 4-10
indicates the area where the samples were taken within the environment. A bad prediction
in this area is as a result of the MWM only considering the direct line of sight, as the area
between transmitter and sample point is described with many walls, the attenuation at
those points is increased. To further improve the accuracy of the MWM in the described
environment some optimisation of the empirical wall parameters was carried out, but the
benefits achieved in this environment may not be gained in a different environment
without additional measurements and optimisation. Also the problem is avoided by the
Motif Model as it considers ray launching techniques and not the direct line of site.

529 577 625

Figure 4-10 Area where samples were taken
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4.3.2 Propagation Model Selection
In this section two models were evaluated for use during WLAN optimisation,
the empirical Multi Wall Model and the ray tracing Motif Model. The measurements
taken and presented correlate with other measurement campaigns carried out in [44] and
[45]. The MWM speed and accuracy, when optimised, supports its appropriateness for
signal level prediction as part of the optimisation tool, but the performance achieved was
due to the tuning of the model for the specific environment being investigated. Optimal
tuning of the MWM is not feasible for general environments. The Motif Model results are
sufficiently accurate but are also computationally demanding. Based on the results
obtained from the measurement campaign and optimisation, the MWM is sufficiently
accurate and fast to be used for testing and evaluation of the proposed optimisation
technique but it is recommended to ultimately use the Motif Model to increase accuracy
when predicting signal level in general environments.

4.4 Quality of Service Prediction
With an accurate propagation model selected the next optimisation requirement
is the ability to predict user QoS. The user demands classification indicates the estimated
required throughput per user and the QoS metric is evaluated as the satisfaction of user
demands. Hence for successful optimisation the ability to predict the maximum
achievable throughput per user, within the defined environment is required. Throughput
requirements are a primary factor influencing the topological distribution of access points
for a user centric design. The following chapter describes how user throughput is
predicted, and describes a measurement campaign undertaken to validate the proposed
method.

4.4.1 Throughput Prediction
To estimate the maximum achievable throughput in a site specific area a
number of inputs are required. Figure 4-11 demonstrates the process required to predict
user throughput at a test point in a defined environment.
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Throughput (Mbps)
-LI
IMb

2Mb

5 5Mb

Figure 4-11 Throughput prediction Process

The process involves estimating signal level at the receiver point from
transmitter. In this case an access point is transmitting and has relevant information
including position; transmit power, frequency and operating channel. Using a propagation
model as described in the previous section the received signal level at a test point can be
predicted. Another element that influences the predicted throughput is noise from
interfering access points. To ascertain this value the operating channel of the access point
needs to be considered. In general it is suggested to only use three non-overlapping
channels when assigning operating channels, but this may be over restrictive where a
high density of access points are required to provide appropriate bandwidth.
It is recommended in [46] that up to four channels could be used with
acceptable noise levels. To consider this as part of the optimisation the channel
overlapping factors can be included when estimating the level of channel interference.
The values shown in Table 4-3 are the proposed channel overlapping factors for
IEEE802.1 lb networks as given in [46]. These preliminary values suggest that a channel
spacing of three or four between operating channels is acceptable. The overlapping factor
indicates the percentage of interference between neighbouring access points, for example
a separation of 2 channels produces 27% interference.
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Overlapping Channel
Spacing (chsp)
0
1
2
4
5
6
chsp>7

Overlapping Factor
(OF)
1
0.7272
0.2714
0.0357
0.0054
0.0008
0.0002
0

Table 4-3 Channel Overlapping factors for 1EEE802.1 lb networks 146|

To calculate the noise at a point (x, y) that impacts on access point m (w is the
access point with the maximum signal level at that point), equation 4-1 is used. Noise at a
point from a single interfering neighbour is calculated as the received signal level value
from that neighbour access point, multiplied by the overlapping factor of the channel
separation between access point m and the neighbour access point. The total noise is
calculated as a sum of this value for all neighbouring access points A.
1=0.i^m /

mme(\.y)=

\

Tr, *
l<A

^

l)
‘

‘

^

Where,
Pr.................. Received Power (dBm)
OF.................. Overlapping factor
CH...................... Operating channel
As shown in Figure 4-11 the final phase of the process to determine achievable
throughput in a test point is the calculation of signal to noise ratio (SNR). Signal level,
total noise and the modulation technique are used as an input into the link level simulator.
The link level simulator calculates SNR and returns an estimated maximum achievable
throughput based on empirical data shown in Figure 4-12. The theoretical peak
throughput advertised on IEEE802.1 lb equipment is 11Mbps, the graph shown in Figure
4-12 is generated based on lEEE802.11b specification as presented in [47]. This graph
shows the available throughput for IEEE802.11b at the Medium Access Control (MAC)
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Layer. The maximum achievable throughput is 6.2 Mbps the reason for such a large
variation from theoretical values is primarily due to protocol overhead, coordination for
sending and acknowledging of messages (request to send (RTS) and clear to send (CTS)),
retransmission due to packet collisions and also interference from neighbouring access
points [48] [49]. To validate this approach for throughput prediction as shown in Figure
4-11, a measurement campaign was undertaken, the following section describes the
results of this measurement.

1Mb

2Mb----- 5 5Mb

11Mb

Figure 4-12 - Throughput Vs SINK

4.4.2 Throughput Measurement
I'o verify the throughput prediction a measurement campaign was undertaken.
Figure 4-13 shows the structure of the environment, the shaded area indicates the area of
interest. Four access points were placed operating on channels 11, 2, 5 and 8. The
predicted throughput suggests that four access points will provide a maximum throughput
of 6.2 Mbps throughout the target area. The measurement was carried out using a
standard wireless enabled laptop and a networked personal computer (PC). The PC
operates as a server and the wireless laptop is the client. The client associates with one of
the access points, depending on the maximum received signal and connects to the server
using a socket. To measure the throughput the client continuously sends data packets
using TCP/IP and measures the number of successfully transmitted packets.
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Figure 4-13 Measurement Environment and Access Point Position

Figure 4-14 - Throughput Measurement

Figure 4-15 Difference between Throughput
Predicted and Measured

I'hroughput data was recorded by walking at a consistent pace along the paths
indicated in Figure 4-14, this figure shows the measured throughput. Figure 4-15 shows
the difference between measured and predicted throughput. 1 he difference is acceptable,
as the 5 Mbps measured by the application corresponds to 6.2 Mbps at the MAC layer, as
a result of session overhead. The results demonstrate that a QoS figure can be accurately
estimated using the empirical data for IEEE 802.11b shown in Figure 4-12. As user
application requirements drive WLAN planning a method of estimating the achievable
QoS is required. In this section the process of predicting available throughput for
IEEE802.11b was described and validated based on measurement. The modular
architecture of the prediction process allows it to be easily extended to other operating
modes such as IEEE802.1 Ig/a or the incorporation of a more detailed channel model.

4.5 Conclusion
The WLAN design and optimisation problem specification is a multifaceted
challenge as several key elements need to be considered in the solution. These important
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factors were investigated in detail in this chapter and included requirements pre
processing, propagation modelling and user demand satisfaction.
The first task for the designer is to identify requirements on the WLAN, to
include site specific demands the designer must describe the environment where the
wireless network should be deployed, any additional constraints such as user demand
areas or restricted areas where it may not be desirable to place access points or have
coverage due to interference with existing devices. Once it is known where the WLAN
should be deployed the designer must then estimate user requirements, these
requirements can then be used by the optimisation technique to gauge the quality of a
proposed solution. As a WLAN design is driven by the users and type of applications to
be supported, some suggestive guidelines have been created to give the designer the
ability to easily and quickly classify user types. Three user groups have been defined
grouped by the required traffic load (Table 4-1), Low (100 khits/user). Medium (150
kbits/user) or High (300 kbits/user).
The final part of the pre-processing is the creation of a candidate access point
grid. As the potential search space for a large indoor WLAN is so considerable the
candidate access point grid helps reduce this while maintaining potential worthwhile
positions along walls and ceilings. To create such a grid an algorithm based on a growing
Neural Gas used for self organising networks has been adopted, using such an approach
allows for the generation and distribution of access points evenly throughout a complex
environment with a dense number of walls. During the pre-processing each possible
access point site not only gets a position but it also has a list of neighbours and associated
signal coverage map, this coverage map is used to calculate received signal strength and
noise levels at a test point, the pre-processed information remains static during the
optimisation and reduces the computation speed required during optimisation.
To calculate the coverage map for each access point an appropriate propagation
model needs to be selected. There is a trade-off between the computation required and the
accuracy of the model. Two popular models were selected and examined to evaluate the
best model to use as part of a WLAN planning tool. These models were the empirical
MWM and the ray-optical Motif Model. Based on an extensive measurement campaign
both models were compared on accuracy and computation speed. Although the MWM
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performed well and can be tuned for a site specific environment the Motif Model out
performed it in terms of precession when compared to measurement. As a result it is
recommended that the MWM could be used for evaluation of a proposed optimisation
technique due to its speed, but a planning tool should include the more accurate Motif
Model to produce a high-grade WLAN design.
As signal coverage alone is not sufficient for a viable WLAN it is essential that
the planning of wireless network is driven by user applications and required throughput.
To predict achievable throughput it is needed to combine the channel overlap and
received signal level to get an accurate prediction. The predicted throughput was
validated by empirical measured data and was shown to be sufficiently accurate to real
achievable throughput. This final element completes the problem formulation, for
successful optimisation all of the factors described must be taken into account during the
planning process, certain aspects can be interchanged for example the achievable
throughput is dependent on the Wireless Fidelity (WiFi) standard, but the quality of the
design is highly reliant on the ability to predict these parameters.
Once defined the intluential factors must be combined with a scalable and
efficient optimisation technique to produce a viable solution based on the design criteria.
The following chapter describes the main contribution ol the research presented in this
thesis, the development of a scalable optimisation algorithm for large scale WLAN
scenarios.
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Chapter 5

WLAN Optimisation

5.1 Introduction
The following chapter will investigate the application of a number ot different
optimisation techniques which were applied to WLAN design. The first method is a
centralised approach using Evolution Strategies (ES). The application of which proved
successful when optimising small to medium WLAN scenarios up to ten access points,
but also highlighted the issue of scalability when a centralised view of the problem is
applied to large scale WLAN design (Section 5.2). To overcome this issue and utilise the
desirable features that ES provides, an environment segmentation algorithm was
developed (Section 5.3). This approach was influenced by a divide and conquer algorithm
which allows for the reduction of a complex solution space into smaller more manageable
optimisation problems. Some performance improvement was gained over ES when
applied to large environments, but careful tuning of algorithm parameters and a lengthy
evaluation time is required. The high dimensional characteristic of WEAN planning
steered the focus of the research towards distributed optimisation. As a result a
distributed multi-agent based algorithm to solve the optimisation problem by removing
the centralised view of the problem and reducing it to a local view was developed
(Section 5.4).

5.2 Evolution Strategies
Based on the current literature as reviewed in Chapter 3, direct search methods
are shown to be popular choice for application to the WEAN design problem, hence it is
a good starting point to get an insight into the optimisation problem and produce an
efficient approach for general scenarios. ES [50][51][52] were chosen for application to
the WEAN optimisation problem with the view to hastening the optimisation process and
attempt to address the issue of scalability when considering large scale WLAN. ES only
needs the definition of a single mathematical fitness function and can represent real
numbers indicating that ES is a good selection for the optimisation problem being
investigated. ES was invented by Rechenberg, Schwefel and Bienert in the mid-1960s.
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Many variations of ES have been developed and defined mathematieally allowing them
to be applied to many real world problems. There are a number of optimisation problem
characteristics that suggest evolutionary computing could be successfully applied [53],
specifically referring to the WLAN optimisation problem the following should be
considered:
■

A large search space, a large number of potential access point configurations can
be chosen within a large enterprise network.

■

When the “besf’ solution is not necessarily required, a designer ultimately will
design for the worst case scenario when all users are connected at the same time,
in a real scenario this may rarely be the case, therefore a near-optimal solution
would be satisfactory.

■

Evolutionary Algorithms allow for parameters to be optimised simultaneously.

■

The WLAN design problem is also difficult to define mathematically.

The remainder of this section will describe the basic ES algorithm in order to introduce
terminology required for later discussion. The section will then continue to detail the
specific application of ES for WLAN design.

5.2.1 Evolution Strategies Algorithm
The basic principle of ES, is to optimise a given objective or fitness function F
with respect to a set of problem specific control parameters v := (yi,y25----)-

principle >’

can be a set of any data structures of finite but not necessarily fixed length, this is an
attractive feature of ES for application to WLAN optimisation. The general form of ES
starts with a selection of candidate solutions and these solutions evolve, using mutation,
in to “well-adapted” individuals with the aim of improving every generation. ES act on a
population of individuals a. An individual a, consists of an object parameter vector y,
endogenous strategy parameter set .v and a corresponding fitness value F(y):

a, := {y„ Si, F(y,) ).

(5-1)

The basic implementation of ES was two membered ES - (1 + 1), i.e. one parent
generates one offspring and the better of the two is selected and the other eliminated. This
is likely to cause the solution to be entrapped in local maxima. In order to improve the
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algorithm and decrease the entrapment risk, the concept of a population was introduced.
In the (p +, ?^) - ES algorithm, p indicates the number of parents and L indicates the
number of offspring which form the population, (p + ?l)-ES implies X decedents of the
parents p are generated where X, > 1. The plus indicates that both children and parents are
considered during the selection of individuals for the next generation. To maintain the
population size the worst X individuals are discarded, (p , X)-ES differs during the
selection process, the comma symbolises that only the derived children in the current
generation are considered to be part of the next generation, all parent solutions are
discarded regardless of the solution quality analogous to Darwin’s theory of natural
selection, survival of the fittest, (p , X)-ES requires that X > p. These strategy specific
parameters remain constant during the evolution process and are referred to as
'"exogenous strategy parameters”.
Before the evolutionary loop begins evolutionary operators, including mode,
population size, learning parameters and any problem specific knowledge is initialised.
At the first generation, p randomly generated individuals become part of the initial
population. Once the initial population is generated the evolutionary begins, every
generation has a parent population from which X children are generated forming a child
population. Each child individual is created using the following evolutionary steps,
selection of a random parent individual, mutation of the parent parameters and inherited
by the child individual and finally the newly generated child is evaluated using the
problem specific fitness function, each child must have a fitness value, and this value is
used during the selection process in order to evaluate the quality of a suggested solution.
The resulting child population becomes the selection pool from which the next parent
population is chosen.
The mutation operator is the main source of genetic variation in ES thus to
achieve maximal gain, o-Self-Adaptation (o-SA) can be used [51][54]. This approach
ensures that variations are generated in a way that improvements are likely, hence
creating a “smooth” path towards an optimal solution. The child mutation strength is
derived from mutating the parent mutation strength, by multiplying it with a random
variable

The value of ^ is calculated per equation 5-2, as a continuous type known as

the Eog-normal Operator.
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^ = g’-WO,/;

^3_2)

The symbol i is the learning parameter, it does not evolve during optimisation
and the eorrect choice of this parameter influences the adaptation behaviour of o-SA.

t

is

usually in the interval 0 < i < 1. A goal oriented selection operator is essential to guide
the search to a favourable region of the search space. Therefore the choice of individual is
derived using a deterministic process ensuring that only the best individuals are selected
from the pool of offspring, only the fittest individuals, the best p offspring evaluated
using the result of the objective function survive and are transferred to the next parent
population. This process continues until the stop criteria is satisfied, this may be resource
criteria, i.e. stop after a number of generations or CPU-time. Alternatively convergence
criteria may be used, in the space of fitness values, objective parameters or strategy
parameters. Ultimately the best solution achieved is remembered and becomes the
optimal solution and is reported to the designer as the best achievable solution after the
stop criteria is satisfied.

5.2.2 Structure of an ES Individual for WLAN optimisation
As previously stated, an individual in ES represents a single solution in a
population of a generation and consists of objective parameters that need to be optimised
(yT endogenous strategy parameter set (.v) and a corresponding fitness value F(y). To
apply this concept to the optimisation of access point placement there is a need to map
the optimisation requirements as described in Chapter 4 to the structure ot an individual.
Figure 5-1 shows the structure of an individual used for the described optimisation
problem.
a— iy,s,F(y’))
# AP

# Hops

AP CH

^0

oi

-

AP CH

<^2

Figure 5-1 Structure of an ESIndividual

The parameter vector y consists of the elements that need to be optimised, namely
1) The number of access points that should be used in the suggested solution (#AP)
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2) The number of edges used to traverse through the candidate access point mesh
(#Hops)
3) The remaining parameters represent the actual access point position, derived by
the combination of the first two parameters and the channel allocated to that
access point.
All elements of the individual are normalised to aid in the mutation and fitness evaluation
process, with the exception of the physical positions of the selected access points. During
successive iterations of the evolutionary loop the objective parameters are mutated until
an optimal solution is found. The design of the mutation operators are problem
dependent, the attributes that they should embody are reachability, unbiasedness and
scalability, many implementations of ES and theoretical considerations can be found in
[50] which specify a recommended mutation strength values.
The child objective parameters are generated by selecting a random parent p;
the normalised parameter, #AP is mutated by generating a random Gaussian number with
a mean of the parent #AP and standard deviation of the corresponding mutation strength
from the strategy set s. This is repeated for the #Hops parameter. Once the first two
parameters are generated the next step is to find the actual position of the child access
point and allocated channel. Figure 5-2 is the algorithm that is used when evaluating the
new position for the child individual. The algorithm traverses through the parent access
point positions; each parent position is updated based on the number of hops parameter
and current position.
Figure 5-3 demonstrates the generation of a new access point position, a
randomly chosen neighbour of the selected access point becomes the new access point to
hop from. This process continues until it has completed the number of hops specified by
the second objective parameter in the child vector y. Once the number of child access
point positions has been satisfied the procedure is complete. If the number of access
points required for the child individual is greater than that of the parent then a random
access point position is chosen from the candidate access point grid until the number of
child access points has been satisfied. The final objective parameter, the operating
channel is mutated in a similar fashion to the first two parameters.
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Procedure Mutate_Position (Parent_Positions, Parent #AP, Child #AP, #Hops)
BEGIN
Child_Positions := {}
FOR i := 0 TO Parent #AP DO BEGIN
IF i EQUALS Child #AP
RETURN Child_Positions
AP ;= CALL do_hop(Parent_Positions[i], #Hops)
Child_Positions U AP
ENDFOR
IF Child #AP > Parent #AP THEN
FOR i := Parent #AP - 1 TO Child #AP DO BEGIN
Child_Positions U (Random Position of AP)
ENDFOR
RETURN Child Positions

Figure 5-2 Algorithm to generate child AP positions

3 Hops

o
o
o
•

Parent AP
Hop AP
2^ Hop AP
Selected AP

Figure 5-3 - Example of do hop procedure

The seleetion and variation of the parent individual demonstrates unbiasedness
as seleetion exploits the fitness information to drive the optimisation towards an optimal
solution and the variation explores the search space without influence from the fitness
information, o-SA ensures scalability is achieved. With the child individual created, the
final step is to evaluate how fit the individual is. I’he following section describes the
fitness function that is used to evaluate a potential solution.
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5.2.3 Fitness Function
In general, optimisation techniques rely on the fitness function to quantify the
quality of a solution; the definition of such a function is a non-trivial task. The fitness
function must be closely correlated with the goals of the optimisation but must also be
computed quickly and easily as many evaluations of the fitness function are required tor
large optimisation problems. Using ES the fitness function must contain or be computed
using the objective parameters. For the problem of access point placement the objective
of the optimisation is to minimise the fitness function that assesses if the potential
solution satisfies user demands by maximising throughput with a minimum number ot
access points. The design of a fitness function for the WLAN problem was an iterative
process; initially the fitness function reflected a solution that was driven by signal
coverage alone, as signal coverage is required tor good throughput. The function then
evolved to consider user demand satisfaction consequently allowing the optimisation
algorithm to produce a user-centric WLAN design based on site specific requirements.
1 he analysis of many optimisation outcomes in general environments with various
elements resulted in the equation given by (5-3) being derived as the final fitness
function. It is this value that is considered during the selection process with the fittest
offspring being chosen to be part of the next generation.
I^{y) — vi’i D + m’9 a +

R+

h’4

B

(5-3)

Where,
D...................User Demand Satisfaction
A.................. Number of Access Points
R.................. Restricted Area
B...................Solution Balance
M’i.................Weighting Factors
1
X Wy =1

(5-4)

/=0

Each element of the fitness function is weighted by w, the sum of which is one
(5-4), and can be used to emphasise a particular element of the function. For example if
cost is an issue the designer can have a larger weighting factor on A thus encouraging a
solution that may sacrifice user demand satisfaction but ensures a lower number of access
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points. The most important element of the fitness funetion is D, the user demand
satisfaetion which encapsulates user requirements on the WLAN design, D is calculated
using 5-5.
D = Tp + OS + US

(5-5)

Where,
Tp.............Predicted Throughput Utilisation (bit s'')
OS............Over Subscription
(-)
US............Undersubscription
(-)

i<N da

I Tr.T.Pi

1=0

Tp =

(5-6)

^ da

TTr,
/=0

Where,
Nda............Number of Demand Areas
Nuser..........Number of Users
Tit,.............User Throughput Requirement
Tr..............Total User Requirements
Slip............Demand Area Size
Tp..............fhroughput Prediction
L = ^usJur

___

(-)
(-)
(bit s'')
(bit s'')
(nr)
(bit s'')
(5-7)

I

^p, ~ T'"5 da,

(5-8)

D is calculated based on access point configuration by a combination of
throughput utilisation {Tp) (user demands that an access point serves), over subscription
{OS) of users and under subscription {US). Each demand area is divided into a grid,
individual grid element then inherits user requirement from the original demand area, and
it is assumed users are distributed evenly within the demand area. Tp is calculated using
(5-6). All grid elements in the access point coverage cell are assessed for throughput and
summed together as per 5-8. This value gives an overall demand satisfaction for that
access point. Each demand area is weighted by user requirements 5-7. OS is introduced to
user demand satisfaction to ensure an access point is not overloaded, i.e. even if an access
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point can provide enough coverage in an area it only has a limited bandwidth (Tmax)
therefore too many users can overload the access point. OS is evaluated as the difference
between throughput utilisation and maximum achievable throughput (5-9). Under
subscription US is the difference between Tp and the minimum utilisation {Tmin). US was
introduced to encourage a solution that makes access points maximise resource
utilisation, if it does not achieve the minimum required then the cost of introducing an
access point is not justified
OS = Tp -T max

(5-9)

The second element A promotes the solution with less access points. R is
calculated in much the same as the user demand satisfaction but it evaluates coverage in
restricted areas rather than demand areas. The last element B, is the balance factor and
was introduced to encourage an even spread of signal coverage. It may arise in some
scenarios that there are a number of solutions where user demands are met with the same
number of access points. Without B, any of those access point combinations could be
deemed to be the optimal solution. With the addition of the balance factor, calculated as
the mean error of the signal level, a balanced signal level is encouraged. Figure 5-4
shows an example of the impact the balance factor has on the optimal solution.

Figure 5-4 Impact of Balance Factor on Optimal Solution

5.2.4 Initial Evaluation (Fitness Function/Solution Evaluation)
To demonstrate the suitability of ES for WLAN design the proposed algorithm was
implemented as part of a software tool that aims to generate an optimal access point
configuration, which satisfies user defined requirements. Details of the software tool can
be found in Appendix A. Preliminary investigation involved corroborating the fitness
function formulation by validating a suggested optimal solution via empirical
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measurement in a real environment. The Department of Electronie Engineering at Cork
Institute of Teehnology was used for the basis of this evaluation.
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Figure 5-5 - User Requirements Specification

Figure 5-5 shows the user demands and areas where WLAN coverage is required for the
department. The approximate number of users in each office or lab and the expected
required usage based on the classifications described in Section 4.2.2, were defined. For
example, in Figure 5-5, 25M indicates that in these areas there will be approximately 25
users with Medium usage (150kbits/user) at any one time. The optimisation software was
run using the fitness function described in Section 5.2.3. Figure 5-6 presents the access
point configuration suggested as the optimal solution based on user demands and pre
processing. Ten access points were suggested for deployment in order to satisfy the usage
requirements, and the figure also indicates the suggested channel allocation per access
point.
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Figure 5-6 - Throughput prediction of ES optimisation results

To validate the optimisation results the access points in the right most area of the building
were deployed (Figure 5-7). The deployment consisted of four access points operating on
the suggested channel. The goal of this evaluation is to show that a viable solution is
produced using ES. The measurement campaign was divided into three parts: firstly the
signal level measurement of a single user was taken, followed by the throughput
measurement of a single user and finally the maximum achievable throughput per user as,
clients join the network. This measurement will be used to demonstrate that the optimised
access point configuration satisfies user demands as defined by the designer. The
measurement of this single configuration however does not attest that an optimal solution
was achieved with a minimum number of access points. To verify that the solution out
performs a design that was generated based on a designers experience a second
configuration was investigated. This design was driven based on signal coverage Figure
5-8 shows the resulting access point positions. Two access points are suggested as being
sufficient in satisfying the user threshold of -75dBm. For ease of description the
optimisation results will be referred to as the TP design and the signal coverage driven
configuration will be called the SL design. The SL configuration was also deployed and
the same measurement was recorded for both designs.
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TiPT

AP2
Figure 5-7 - TP Design Configuration

Figure 5-8 - SL Design Configuration

5.2.4.1 Signal Level Measurement (Single Client)
To conduct the first set of measurements Proxim AP-700 access points with IEEE
802.1 lb radio access were deployed in the suggested positions. A wireless enabled laptop
with an integrated Intel(R) Pro/Wireless 2200BG network adaptor (RTS/CTS enabled)
running a site survey tool, was used to record the signal level within the environment.
Figure 5-9 presents the actual measured signal coverage when the access points were
placed as suggested in Figure 5-7. The coverage within the evaluation area is more than
adequate to provide signal coverage to every user within the area with an average of 42.34 dBm. It is clear from the signal level measurement the design provides sufficient
coverage for all users by meeting the defined threshold (-75dBm). Figure 5-10 shows the
results of signal level measurement for SL design, again the results within the evaluation
area indicate adequate signal coverage can be provided to every user with an average of 49.61 dBm with two access points. The signal level measurement results for a single
client verify that both designs satisfy user demands providing sufficient connectivity. The
next step was to evaluate the achievable throughput and provide some indication of the
number of users that can be accommodated by the design.
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Figure 5-9 - Signal Level Measurement TP Design

Figure 5-10 - Signal Level Measurement SL
Design

5.2.4.2 Throughput Measurement (Single Client)
Throughput measurements were carried out in the same areas, the results of which
can be seen in Figure 5-11. To measure throughput, Proxim AP-700 access points with
IEEE 802.1 lb radio access were installed and connected to a power over Ethernet switch.
A wireless enabled laptop with an integrated Intel(R) Pro/Wireless 2200BG network
adaptor (RTS/CTS enabled) running the measurement client was used to record the
throughput. Clients connected to a server on the network and throughput was measured
by randomly generating TCP/IP traffic. 1 he measured achievable throughput for a single
user can be seen in both figures. The SL design suggests that sufficient throughput
(average of 3.75 Mbps) can be attained in the majority of areas except tor one where the
throughput drops to between 0 and 0.5 Mbps. On the other hand the TP design provides
an average of 4.61 Mbps throughput throughout the entire evaluation area. As coverage is
provided in all areas of the test site, as expected the SL design provides adequate
throughput for a single client.
Although both designs provide satisfactory throughput for a single user in the area
we need to evaluate how many users can be supplied with their required throughput.
Table 5-1 shows the required throughput versus measured throughput for both designs.
The SL design falls short of providing total coverage to all users within the area, with the
alternative TP design with four access points, every user will be supplied with adequate
coverage. The results presented demonstrate that although both designs provide adequate
coverage, two access points are not sufficient to provide suitable throughput to the
number of users required. The average measured throughput for the TP Design shows
that it provides more than satisfactory throughput and coverage for each user.
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SL Design

Figure 5-11 - Throughput Measurement

Access Point

1
2

SL Design
Usage Required

40L+12H
25M~M0H+10L

Required
Throughput
(Mbps)
7.6
7.75

Available
Throughput
(Mbps)
5.14
2.97

4
3.6

5.11
5.19
5.19
4.84

TP Design
1
2
4

40L
12H
lOH
25M+10L

4.75

Table 5-1 Achievable versus Required throughput

5.2.4.3 Maximum Achievable Throughput (Ten Clients)
To investigate the impact of users entering the network on achievable throughput,
measurements were carried out using a number of laptops each with IEEE 802.11b
enabled wireless cards (RTS/CTS enabled). The area where 10 users require High usage
was selected for the measurements with the access points deployed as suggested by the
optimisation results. Figure 5-12 shows the throughput measured for a client that begins
on its own in the cell close to the access point. As time passes more clients join the
WLAN. Figure 5-12 can be interpreted as follows: between sample seconds 1- 25 there is
only one user in the network, at 25 seconds a second client joins the network and the
average throughput drops from 5.14 Mbps to 2.4 Mbps. As a third client joins the
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network (50 seconds) the average throughput again drops from 2.4 Mbps to 1.45 Mbps.
When a fourth client joins the WLAN the average throughput per user drops to 0.97
Mbps.

Figure 5-12 - Achievable 1 hroughput IMeasiirement

As further clients join the WLAN between samples seconds 100 and 275, the drop in
throughput is not as dramatic. Between 5 and 10 users the throughput appears to level off
(average 0.72 Mbps). The graph shown in Figure 5-13 indicates the average achievable
throughput per user as up to ten clients join the WLAN. The optimised design performs
better after four clients have been added. When over eight clients become part of the
WLAN the remaining users could not achieve any reliable throughput and began to drop
from the network, explaining the lower achievable throughput at 9 and 10 users for the
SL design.

4

5

6

7

10

Number of Users
-TP Design

SL Design

Figure 5-13 - Average Achievable Throughput per User

The measurements presented above indicate that all 10 users can be provided with their
required data rate with users achieving 0.62 Mbps, twice the required usage of 0.3 Mbps.
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When ten users are eonneeted to the WLAN based on the SL design, the aehievable
throughput was 0.29 Mbps. The SL Design fails to provide the required throughput to all
ten users in the measured region and the eonsidered aceess point must also eover forty
other users at low usage, this demonstrates that two aceess points are not sufficient to
provide the required data rate.
The measurement campaign that was carried out demonstrates the validity of the
optimisation solution and fitness function design. The optimisation results suggest four
access points are required to satisfy user demands; this is consistent with the theoretical
requirements based on maximum achievable throughput. Although good signal coverage
is provided with two access points, the additional two access points required in the
evaluation area is justified when throughput measurement was done. The results of this
evaluation also strengthen the opinion that planning for signal coverage alone will not
provide a viable WLAN for all users.

5.2.5 Suitability of ES for Large Scale WLAN Design
To validate the proposed algorithm and fitness function design some preliminary
investigation was undertaken involving the design and evaluation of a small WLAN
scenario. The results of optimisation were investigated based on empirical measurement
of signal level and throughput. The output of the evaluation demonstrates ES produces an
accurate solution for WLAN design. To redress the question of scalability and the
suitability of ES for large scale WLAN planning the proposed fitness function and ESbased optimisation algorithm were tuned and applied to large environments. For
completeness this analysis will be presented in Chapter 6 where a number of algorithms
are compared, fhrough experimental investigation it was established that ES performs
well for general environments but with ES, like many other techniques when applied to
large WLAN designs the quality of the solution deteriorates. Although the application of
ES did not address the problem of scalability it provided a clear insight into the WLAN
design problem and acted as a firm base for the development of improved optimisation
methodologies. The following section proposes a new algorithm that draws on the
successes of ES and aims to address the scalability issue.
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5.3 Environment Segmentation with Evolution Strategies
5.3.1 Introduction
The results presented in the previous section show that ES preformed well for
general WLAN design problems (small, medium) but the performance and stability of the
optimisation technique becomes unpredictable when applied to a large environment. This
is due to the larger solution space when a considerable number of access points are
required to satisfy user demands. In order to overcome the problem of optimisation
scalability a semi-distributed optimisation algorithm using environment segmentation and
ES is proposed to yield a scalable optimisation technique for use when planning large
scale WLANs. The segmentation algorithm was inspired by the Divide and Conquer
paradigm [55]. Divide and Conquer aims to improve algorithm efficiency and aid in
solving complex problems using three steps;
1. Divide the problem into sub-problems
2. Conquer the sub-problems by solving them recursively
3. Combine sub-problem solutions
I'he reason such an approach was appealing is that it is possible to utilise the successes of
ES when applied to small to medium size problems and accomplish an optimal solution
when optimising large-scale network. It is proposed to divide the environment into
smaller more manageable optimisation problems, each sub-problem can then be
optimised using the ES algorithm described in the previous section. Each of the optimised
environment sections can be amalgamated together to give a solution to the original
problem.
The distinct difference between the divide and conquer and the proposed
segmentation algorithm is that in general the sub problems solved by the divide and
conquer approach do not overlap, whereas in WLAN design problem the result of one
sub problem may indeed overlap a neighbouring problem possibly having an adverse
affect on the optimisation solution. Therefore it is proposed that the algorithm will build a
solution iteratively considering the results from previous sub solutions as part of the
current iteration. Figure 5-14 shows the complete segmentation algorithm proposed to
address the issue of scalability for large-scale designs.
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Figure 5-14 - Segmentation Algorithm for large scale WLAN design

The algorithm involves a number of phases including environment segmentation, sub
problem (crystal) building, sub problem optimisation and solution validation. The process
continues until the full environment is optimised producing a complete solution. The
following sections will detail the steps required as part of the segmentation algorithm.

5.3.2 Environment Segmentation
The algorithm begins with the “divide” component; it is an additional step
following the environment pre-processing before optimisation begins. Environment
Segmentation involves the use of an edge detection algorithm to group walls and demand
areas together representing an area that requires satisfaction of user defined constraints.
Each segment inherits the user defined requirements from the pre-processed demand
areas. A Voronoi graph is created representing the relative interconnectivity between
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segments. Figure 5-15 shows a snapshot of a floor plan that has been segmented and
conneeted using a Voronoi graph.

Figure 5-15 - Env ironment Segmentation Results

The results of this environment segmentation are passed as an input to the optimisation
proeess allowing for the construction of a crystal. A crystal represents a fragment of the
environment that inherits demands from the overall environment and can be optimised
independently.

5.3.3 Crystal Creation
A crystal is composed of a number of neighbouring segments. The first crystal is
created by selecting a random segment which is set as the crystal origin, using the
Voronoi graph the algorithm iteratively adds the closest Voronoi site (segment) to the
crystal until a maximum pre-defmed radius is reached. Figure 5-16 demonstrates the
crystal creation.

Figure 5-16 - Crystal Creation
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The seeond erystal is created in a similar way, the starting segment of the crystal is
selected as the closest un-optimised segment to the original crystal origin (black circle),
from here the crystal is built in the same way as the previous one, the arrows on the
figure show the crystal growth until all segments are part of a crystal or the radius is
achieved. This maximum size of the crystal is representative of the size of solution space
that can be efficiently optimised using ES.
Once created, a crystal is then optimised using the ES approach described in
Section 5.2. After the first valid crystal is optimised a solution vector is formed, this
contains the results of the crystal optimisation, including a list of deployed access points,
resource utilisation and user demand satisfaction. This vector is extended as each crystal
is built and optimised. Figure 5-17 shows the structure of the partial solution.

Crystal

Access Point
Resource
Utilisation
Figure 5-17 - Segmentation Partial Solution Structure

As an additional input to the optimisation kernel, the partial solution is passed and
represents the current environment state. Any access point that is part of a previously
optimised crystal that overlaps with the current crystal is taken into consideration when
evaluating the fitness function. Most importantly, if an access point overlaps the current
crystal then it is essential to assess if the access point can successfully provide throughput
for users i.e. the access point is not oversubscribed. To calculate the resource utilisation
of an access point a, equation 5-10 is used. The resource utilisation {V)

calculated by

traversing through the solution vector, if an optimised crystal has a in its solution the
resource utilisation is added. The result is added to the current utilisation and gives the
total current resource utilisation of the access point. To disregard such a feature would
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cause an invalid crystal overlap and lead to large oversubscription areas where users do
not achieve expected performance.
i<N

U{a) = Y,C,{a)

5-10

Another step is added to the optimisation process to ensure a suggested solution for
crystal optimisation is valid. The user demand satisfaction of that crystal is evaluated
against a minimum threshold. If the user demand satisfaction is below this value then the
algorithm must attempt to repair the current solution. This is done using a backtracking
algorithm.

5.3.4 Solution Validation and Backtracking
The general backtracking algorithm was first described in [56] with many
improvements and variations of this algorithm being developed in more recent years. A
comprehensive description of the various backtracking algorithms can be found in [57].
In general, a backtracking algorithm contains a vector composed of partial solutions and
is extended as the search for the optimal solution continues. This partial vector is
validated and if it does not represent a valid partial solution, the algorithm backtracks by
removing the last element of the vector, and then proceeds by try ing to extend the vector
with alternative values.
For application to the segmentation algorithm the vector contains nodes that are
representative of a crystal, each optimised independently using ES. After each crystal is
optimised the current vector or solution is updated and user demand satisfaction is used
as validity criteria of the vector. If it meets the required threshold then it is deemed valid,
otherwise the previously optimised crystal is dissolved and the current partial solution is
returned to the last valid solution vector and a new crystal is generated with an increased
crystal size. Figure 5-18 shows the backtracking process, the green node indicates a valid
crystal optimisation, the arrow indicates the path of the optimisation, and the red node
indicates that an optimised crystal does not meet the validation criteria. At this point the
crystal is dissolved and the algorithm returns to the previous valid node, a new crystal is
created and optimised. This process continues until all crystals are successfully optimised
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and a complete solution is returned by combining all the crystal results into one solution,
the solid line in Figure 5-18 indicates the solution path.

Valid Crystal

Invalid Crystal

Solution Path

Figure 5-18 - Segmentation Backtracking Process

The crystal size is also used to validate the current partial solution. A situation
may arise where a crystal is much smaller than the intended size due to a dense
environment or an irregular environment shape. An improved solution may result if the
small crystal is optimised as part of the previous larger crystal. The validation process
added to the previously described segmentation algorithm and is shown in Figure 5-19. If
the crystal size

(Cste)

is less than half the required size (( M/.-e) then the current and

previous crystal are dissolved and the required crystal threshold size is updated to be the
sum of defined size plus the size of the invalid crystal. The need for such criteria is
demonstrated with an example optimisation scenario in the next section. When all
segments have been associated with an optimised crystal then the algorithm deems a
solution has been reached and terminates.

57

Chapter 5 WLAN Optimisation

Figure 5-19 Crystal Size Validation Algorithm

5.3.5 Evaluation
To demonstrate the proposed algorithm this section will present the results of a
medium sized office configuration as shown in Figure 5-20. The designer is required to
provide seamless wireless access to workers throughout the office floor. The designer
approximated 200 users distributed throughout the environment, each require the ability
to run all applications using the wireless network therefore the designer specifies a high
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usage constraint (300 kbps) to ensure the user requirements are adequately meet in all
work areas.

Of

,

68 m

Figure 5-20 Environment Configuration and Candidate Access Point Grid

I'o assess the crystal size validation criteria the optimisation will be run twice
first without considering the crystal size validation and secondly with that criterion
included. The minimum crystal size is set to 30 m“, and by default the initial segment that
was created is selected as the starting point for crystal evaluation, in this instance it is the
bottom right hand corner of the building. Figure 5-20 also shows the results of the
candidate access point grid pre-processing. This information remains static during each
run of the optimisation.
5.3.5.1

Results without Crystal Size Validation
The following shows the results of the optimisation using the segmentation

algorithm; each crystal was optimised over 300 generations with 10 parents and 31
offspring generated per iteration. Figure 5-21 shows the final crystal structure, the first
crystal is marked with a red line in the bottom right of the building, the results of the
crystal optimisation suggests that four access points are required to satisfy user demands.
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the crystal passes the validation criteria for user demand satisfaction as do the remaining
crystals. As can be seen in Figure 5-21 a total of thirteen access points make up the final
solution when all crystals are combined.

Figure 5-21 - Crystal Configuration and Optimisation Results

The channel capacity cells are presented on the left of Figure 5-22 and right ot
the figure shows the predicted throughput. The results demonstrate that all user demands
are successfully satisfied. Theoretically as there are 200 users evenly distributed through
the environment a total throughput requirement of 60 Mbps is required, assuming an ideal
scenario with all access points operating to full capacity and no interference ten access
points would be the minimum required. Unfortunately in a dense indoor scenario where
there are many obstacles and interference from other access points, it may not be possible
to achieve one hundred percent user demand satisfaction with only ten access points. The
optimisation results of segmentation suggest thirteen access points. The total available
throughput from all access points is 59.99 Mbps therefore a 99.99% user demand
satisfaction is achieved. Figure 5-23 shows the distribution of resource utilisation among
the access points, a mean of 74.44 and standard deviation of 13.1 is achieved for the final
solution. The optimisation results also demonstrate the overlapping metric operates
successfully, the access point operating on channel one in the first crystal can also
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provide usage to users in the second crystal, this was included during the fitness
evaluation therefore influencing the positioning of access points around the already
covered area.

Figure 5-22 - Optimisation Results Channel Assignment and Predicted Throughput

Resource Utilisation (%)

Figure 5-23 - Resource Utilisation Distribution

53.5.2 Results with Crystal Size Validation
To assess potential improvements when crystal size validation is included
during segmentation optimisation the same environment configuration was run with the
same requirements. The area that is influenced by such criteria is the top left corner of the
building where one access point is placed. The first three crystals are evaluated in the
same manner as the previous run. When the final crystal is created it fails the crystal size
validation procedure, the current crystal and the last crystal are both dissolved and the
partial solution rolls back to a previous valid solution (crystal one and two), the crystal
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size is updated and re-equated. Figure 5-24 shows the resulting crystal configuration and
access point positions.

Figure 5-24 - Final Crystal Configuration and Optimisation Results

Channel
11

Figure 5-25 - Optimisation Results Channel Assignment and Throughput Prediction

The solution enhancement is immediately obvious, without the crystal size
validation thirteen access points were suggested as the optimal solution, when the crystal
size was included the optimisation suggests that only twelve access points are required,
this was achieved with a better distribution of access points in the last crystal. Figure 5-25
shows the allocated channel, capacity cells and predicted throughput. The throughput
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usage per access point provides the required 60 Mbps hence providing 100% user
demand satisfaction. 66% of the access points operate between 75 - 100% resource
utilisation with a mean of 80.64 and standard deviation of 11.81. The results show that
when combined with ES, the environment segmentation algorithm performs well
producing an optimal solution for the medium sized environment, the findings also
reinforce the need for additional optimisation steps such as crystal overlap evaluation and
crystal size validation.
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Figure 5-26 - Resource Utilisation Distribution

5.3.6 Environment Segmentation for large scale WLAN design
In order to improve on the deficiencies when ES are applied to large WLAN
designs a semi-distributed optimisation algorithm using environment segmentation and
ES was developed. Initial evaluation suggests that this technique improves stability when
dealing with large scale designs over the centralised approach of ES. Using the divide
and conquer paradigm allowed the problem to be reduced into smaller more manageable
problems that can then be optimised independently using ES with some additional
heuristics. Although clear improvements can be achieved using this semi-distributed
approach it is not with out its disadvantages. Namely the solution is more “tailored” than
optimised. The quality of the solution is heavily influenced by crystal size and
environment layout. Some extra optimisation steps were added to reduce this influence
including the crystal validation, overlapping utilisation and backtracking. A crystal is
only validated after it has been optimised. The partial solution is not evaluated by any
centralised entity. This introduces some difficulty when evaluating a global solution. The
ripple effect of a partial solution is not considered on previously validated crystals, i.e. if
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the solution of a crystal adversely affects a previous crystal it is not considered by the
algorithm. If a centralised entity was to validate each crystal as the partial solution is
updated, it would not only sacrifice algorithm speed and scalability but also could
produce a fragmented solution. Crystals will be dissolved and re-optimised in various
parts of the environment and the solution will not propagate smoothly through the
environment. Another approach to avoid this problem is by careful selection of the initial
segment and crystal size relating to problem specific environment over multiple runs. But
this does not bode well if the optimisation approach is to be included in an automatic
planning tool.
The positive element of the crystal optimisation technique unquestionably is the
abstraction from a centralised view of the problem. Therefore to build on this
encouraging attribute a fully distributed optimisation approach based on the tools of AI
was developed. Such tools allow a global solution to the problem emerge based on local
interactions between neighbouring access points. The following section details such an
approach.
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5.4 Agent based Optimisation
Combining environment segmentation with ES produced improved results over
ES for large-scale WLAN design. This enhancement was due to the decentralised view of
the problem. One large optimisation search space is divided in to a number of smaller
problems that are optimised independently. The merging of these solutions produces a
global solution to the initial problem. A drawback of such an approach is the dependency
on algorithm specific heuristics to tailor a solution. But the promising results achieved
due to the removal of the centralised view of the problem suggests that a completely
distributed approach could further boost efforts in finding a scalable solution to largescale WLAN design. To accomplish this, aspects of Artificial Intelligence in particular
agent design and utility theory were utilised. The use of AI extends over many
disciplines; there are four main categories of AI that have been highlighted in [58J that
the various definitions fall under, these are shown in Table 5-2.
Systems that think like humans Systems that think rationally
Systems that act like humans

Systems that act rationally

Table 5-2 Four Categories of AI

The column on the left deals with reasoning and behaviour with success
measured in terms of reproducing human performance. For the purposes of WLAN
optimisation the right column of the table which involve systems that think and act
rationally is of must interest. In these categories a system is rational if based on what
knowledge it has it does the “right thing”. Thinking rationally involves logic and acting
rationally involves intelligent agents that act. The construction of intelligent entities
provides a method of analysing the WLAN design problem. Distributed AI and in
particular game theoretic tools have been applied to a number of problems in sensor
networks, and pervasive computing systems for example, power control [59], routing [60]
and coverage problems [61]. The advantage of using such techniques in particular with
sensor networks is that they are assumed to be operating in highly dynamic environments
rendering centralized and offline optimisation techniques unsuitable [62].
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Another advantage of using game theory and agent design is that while
sensors can act selfishly by maximising their own utility a global optimum can emerge
[58]. Also when applying the tools of A1 for problems in the wireless networking realm,
there is not the problem of irrational players as the software developer programs
eliminate possible irrational behaviour of an agent in a competitive environment,
therefore making it easier to design a game and analyse its outcomes.
Despite the fact that many applications of distributed AI involves online
optimisation in highly dynamic environments; the promising results achieved indicate
that the principles of agent design and the concept of ‘‘game play” are very attractive for
offline optimisation where a large multi-objective search space is comparable to such
dynamic environments. Therefore it is proposed to model the optimisation of wireless
networks as a multi-agent system playing a game, the outcome of this game should result
in a near optimal access point configuration that maximises user demands with a
minimum number of access points. The optimisation is not driven by one global
function but rather a global optimum should emerge as a result of simple local
decisions made by rational agents within the design environment.
One of the few attempts at using agent based optimisation for WLAN design can be
found in [63]. The work described in the paper proposes an agent based algorithm for
wireless networks employing Stochastic Diffusion Search (SDS). SDS involves a fixed
population of agents; each agent is representative of a candidate solution including
suggested base station sites, a local test function and an agent state. There are two steps
an agent iteratively takes including:
1.

A testing phase that evaluates a random subset of critical test points

2.

A diffusion phase which allows knowledge of desirable solutions be
communicated between agents.

The algorithm lends itself to be computationally faster than other meta-heuristic
approaches as the test function does not evaluate all test points rather a random subset.
Also the approach may be implemented to run on multiple processors without
synchronisation. But each agent represents a potential solution with a global view and is
comparable to an individual in ES. It is therefore difficult to assess any optimisation
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performance improvements when applied to large scale WLAN design in particular when
compared to algorithms with evolutionary components (mutation, self-adaptation) such as
ES.
To highlight the differences in our agent based approach compared to the one
described in [63] the following analogy can be made. Imagine the approach described
above as a number of network planners in a room each selecting access point
configurations based on a number of candidate sites. Each planner then randomly selects
a colleague and evaluates if they have a better design. If this is the case they dismiss their
own version and adopt this design otherwise the planner re-designs the network. Each
planner keeps testing until they are satisfied with their design, once everyone has a
complete design the best one is selected out of all of them.
Based on the previous application of ES and current literature it can be
concluded that taking a global view of the problem, does not lend itself to a viable
optimisation technique for large scale WLAN design. Relating back the analogy above, it
is not intended to construct an agent as a designer (study how a human may plan the
network) but rather to reduce the problem down to the study of rational behaviour of
agents trying to operate at an ideal standard by maximising its utility to model the WLAN
system. The remainder of this section will describe the proposed optimisation framework
including details of the task environment, agent design, the formulation of agent utility
and the evaluation of the proposed technique.

5.4.1 Task Environment
A task environment essentially describes the problem which a rational agent
aims to solve. The environment type is highly influential on the agent design therefore it
is crucial to fully capture the task environment where a rational agent exists. The agent
view of the environment may be different from what the environment “really” is like, for
instance the agents sensing capabilities may be limited or the agent actions are reduced to
a subset of those possible within the environment. As a result the agent environment can
be described based on Performance, Environment, Actuators and Sensors (PEAS)
description. Table 5-3 summarises the task environment for WLAN design problem using
the PEAS description.
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Performance
Measure
User demands
Satisfaction based
on achievable
throughput.

Agent
lype
Access
Point

Environment
Demand Areas.
Candidate access
point grid,
Overlapping access
points, operating
channel

Sensors

Actuators
Move Position,
Split,
Change
Operating
Channel

Coverage Map,
Achievable
throughput
Channel
Overlapping
factor. Noise
calculation,
Position

Table 5-3 PEAS description of the task environment for WLAN design

5.4.1.1

Performance Measure
Firstly we need to establish what the agent is expected to strive towards; the

performance measure gives the agent the ability to evaluate the success of a given action.
As referred to previously, for the purposes of WLAN design it is the modelling of the
agents behaviour that is used to find a solution, but as a general rule the performance
measures should not be designed according to how the agent should behave from our
perspective but rather according to what is required from the task environment [58]. The
goal of an agent is to provide as much resources as possible to satisfy user demands;
further details of how the performance measures are evaluated are given in the next
section.

5.4.1.2 Environment
The second part of the description is the environment where an agent exists and operates
in. For WLAN design the environment the agent persists in contains the user defined
demand areas, candidate access point grid, fixed or existing access points and the channel
the access point operates on. The agents’ actions are determined based on the present
environment state and the outcome of these actions result in an update of the current
environment state.

5.4.1.3 Actuators
The actuators of the agent describe potential properties that can be changed in order to
achieve a goal, for WLAN design our agent can move to a new position within the
candidate access point grid, spawn a new agent by splitting or change the current
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operating channel. The actuators allow the agent to modify some parameters to maximise
its performance measure in the environment it operates in.
5.4.1.4 Sensors
To achieve its goal in the WLAN design environment the agent needs to know where it is
in respect of the candidate access point grid, which agents are close to it causing channel
interference, what is the achievable throughput and what coverage range the agent has.
These sensing capabilities allow the agent to gather information on the current
environment state, evaluate performance measures and allow the agent to make a rational
choice of action to improve on its present success. The quality of the agents’ decision
making relies heavily on the accuracy of this sensed data.
5.4.1.5 Properties of the task environment
Although the range of task environments is vast and problem specific there are a
number of properties that can be used to help determine the type of agent to design. The
WLAN design task environment is fully observable; the agent can sense all information
relating to its performance measure, meaning it has everything it needs to make a rational
decision. The agent can sense its coverage cell, demand satisfaction, resource utilisation
and signal to noise ratio. The advantage of having an environment that is fully observable
to the agent is such that an internal state to keep track of the world is not necessary. From
the agents point of view the task environment is strategic, it can determine the state of the
environment based on its current percepts and the action taken by the agent. The only
element of the environment state the agent can not determine is the actions of other
agents on the environment. The task environment can also be described as being episodic.
Each episode does not depend on the actions taken in previous episodes; the agent
calculates its utility in each episode based only on those percepts in the current state. The
choice of action in each episode depends only on the current environment state. As the
environment does not change as the agent makes a decision it can be described as being
static. There are also a discrete set ofprecepts and actions within the environment.
These properties of the task environment support the design of agents, the WLAN
problem is a partially co-operative multi-agent environment. Agents are deemed co
operative as the actions of an agent can influence neighbouring agents (noise). Therefore
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to solve the design problem the agents are required to work together to maximise their
utility without having an adverse affect on other agents.
After defining the task environment the next step is to model the optimisation
problem as an agent playing in a game. The outcome of this game should be a solution
that maximises user demands with a minimum number of access points. Figure 5-27
shows the architecture of the environment for WLAN design. The game environment
consists of current active agents in the game, the results of pre-processing such as the
candidate access point grid, coverage maps and demand areas. Also included in the game
environment are any additional rules that agents must adhere to while playing the game
such as the premise that stipulates an agent can only move across the edges of the
candidate access point grid. The most crucial part of the environment description is the
agent design; the following section defines what an agent is and describes the format of
the agent for WLAN design.

Figure 5-27 - Environment Architecture for WLAN design

5.4.2 Agent Design
An agent is an entity that can act based on its perceived view of the environment
in which it exists. The features that distinguish agents from mere “programs” include
acting independently, having the ability to perceive its environment, persisting for a
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lengthy period of time and adapting to change [65], Once the task environment has been
clearly defined, it is required to identify the actions taken in response to any percept
sequence; this is known as the agent function [58].
An agent program must be designed to execute the defined function within the
described environment. There are a number of agent program designs that reflect the
available information and its use during the decision process. The most basic agent is a
simple reflex agent, which reacts directly to current environment percepts based on
strictly defined condition action rules. Where the environment is only partially observable
a modal based reflex agent is more suited. The modal based agent maintains an internal
state to remember aspects of the world that may not be readily available in current
percept. Another agent type is a goal-based agent where the agent has some goals that
influence the decision process, this usually requires some planning. Goals may not be
sufficient to generate high-quality behaviour from the agents, for example there may be a
number of action sequences that will lead to an agent achieving its goal but some
sequences may do this quicker or more reliably than others.
An alternative type of agent program that can be used is a utility-based agent. A
utility-based agent has a more general performance metric than just achieving a goal or
not, this allows the agent measure its level of '‘usefulness” or success if an action is
chosen. As we aim to model agent behaviour and require a global solution to emerge
from local decisions a utility-based agent is the most suited agent design for WLAN
optimisation. For the purposes of WLAN design we have designed a utility-based reflex
agent as shown in Figure 5-27, that has a goal of maximising its resource utilisation. To
achieve this goal the agent must make rational decisions that lead to improved
performance. This implies that an agent must know what the world looks like, know what
actions it can take and be able to evaluate the success of taking such an action, the
components that allow an agent do this include agent precepts, agent condition action
rules and a utility function.
5.4.2.1 Agent Percepts (What World Looks like)
Agent percepts play an important role during decision making as the performance
of the agent relies heavily on the accuracy at which it can evaluate the current
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environment state. Figure 5-28 shows an example of agent percepts in a simple
environment.

r-29

(dBm)

Agent
Figure 5-28 - Percepts of Agent in sample Environment

The agent percepts for WLAN design include:
•

Position: this indicates the agent position within the candidate access point grid
that was generated during the pre-processing phase.

•

Resource Utilisation (RU): as each agent knows its position within the candidate
access point grid it can evaluate its perspective coverage (PC) area, shown on the
left of Figure 5-28. Using this coverage cell the agent can predict resource
utilisation by calculating user demand satisfaction within the PC. This involves
predicting throughput in every point of PC and assessing user demand
satisfaction.

•

Over Subscription (OS): as there is a limit on the number of users an access
point can provide for, the agent must also evaluate the number of oversubscribed
users. It is assumed that clients that are closer to the access point will connect
first. OS is calculated by checking each grid point radiating from the access point
until the maximum achievable throughput as governed by the technology used has
been reached. OS is then the remaining grid points; the right of Figure 5-28
demonstrates OS calculation.

•

Allocated Channel: interference from overlapping channels can have a dramatic
adverse affect on WLAN performance therefore it is important for the agent to
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know its operating channel and evaluate interference levels from neighbouring
agents.
These percepts are used to estimate the quality of an agent state and aid in justifying a
choice of action. In an agent based system there is no global control and agents may have
incomplete or uncertain knowledge about the environment, this infers that the only way
to achieve a population level goal (find a solution to a given problem) is to adequately
design the agent behaviour [66]. The following section details the condition action rules
and potential actions an agent can take, to model the agent behaviour.
5.4.2.2 Condition Action Rules (What action should I take)
There are four possible actions defined for the agent. These are move (M), split
(S), change channel (C^) or take no action (N). To model the agent behaviour a number of
condition action rules have been defined, these rules govern the order in which an agent
evaluates the correct course of action and they are based on its current environment
percepts. To demonstrate these rules of game play, let G(N) be an iterative game, G(N)
has a set of agents or players A, who will make decisions. Each player has a set of actions
/I, that the players can choose from.Table 5-4 describes the algorithm defining how the
player n must play the game G(N) at iteration /.
An agent’s primary strategy is to move through the candidate access point grid
seeking the best position that will maximise its utility. Therefore the condition-action
rules specify that move action should be evaluated first. As the move action is only taken
if an improvement in personal utility is achieve as the move action involves the
evaluation of agent utility (line 4) it will be detailed in the next section. It may be the case
that an agent cannot find a better position than its current state, but is oversubscribed (line
7).
If such a situation arises then the condition action rules invoke a “split” action
from the agent. The agent will only split if the utility is greater than a pre-defmed split
threshold (line 9) more details of this parameter will be given in Section 5.4.3. The
outcome of a successful split action results in a new agent being generated driven by the
same goals. As there is no centralised view or evaluation of the current environment state
the evolutionary element associated with a split action allows the design to grow from
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one agent to the required number of agents that satisfies user demands, encouraging a
solution with a minimum number of access points.
1.

Game lteration {i,n )

2.

static: A = {MOVE,SPLIT,CHANNEL,NO-ACTlONj
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4.
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return CHANNELipi,

)

return NO-ACTION
Table 5-4 Game Iteration of Utility Based Reflex Agent for WLAN Design

If the agent can not make any significant improvements by taking a move or a
split action then the next agent rule requires it to invoke its ability to change the operating
channel. This action gives the agent the capacity to reduce interference from overlapping
channels of other agents hence allowing for higher achievable throughput. As the agent is
rational the only logical decision is one that increases its utility, if the agent can not
improve its utility by means of the first three actions described above then the only
rational choice is to do nothing.
The condition action rules allow an agent to make an informed decision on what
is required to achieve its goals based on the current environment state. For example if the
agent is not over-subscribed then there is no need to evaluate a split action therefore
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speeding up the agent decision process. Although the condition action rules are used to
guide agent behaviour the ultimate decision is based on the performance measures
contained within the utility function. For instance, despite the condition action rules
suggesting a split is required the agent may come to the conclusion that this action does
not help achieve an improved performance and so decides against this action. Consider
also that if an agent is to evaluate a move, split or channel action then it may be presented
with a number of potential alternatives, therefore the agent requires a mechanism to allot
a preferential order on these alternatives (Lines 4,8,11). This is achieved by using an
ordinal utility function. The following section describes the utility function used to allow
an agent achieve the required decisiveness during decision making.
5.4.2.3 Utility Function
The utility function maps an environment state into a real value that can be used
to gauge the success of an action. The utility function that was designed for the agent in
the WLAN design problem is an ordinal utility. An ordinal utility does not distinguish
between the agent preferences but rather gives the agent the ability to rank possible
actions. Equation 5.10 shows the utility function designed for a WLAN design agent.

IJ = w,RU - w,OS -w^B + W4SNRB

(5.10)

Where,
RU............................. Resource Utilisation
OS..............................Over Subscription
B................................ Balance Factor
SNRB.......................... Signal to Noise Ratio Balance
TP MAX....................Maximum Available Throughput
Wj............................... Weighting Factor

RV =

TP MAX

(5.11)

Although the utility function draws from the success of the fitness function used
in ES optimisation they are used for different purposes. An individual in ES uses the
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fitness function to gauge the solution quality from a global view whereas the utility
function for the agent based approach is used to influence the agent behaviour, as a result
it is not possible to use the same function. Some elements are omitted as they do not help
the agent during the decision making process and other elements are required to ensure
the emergence of a near optimal solution. The elements that constitute the utility include
Resource Utilisation {RU), Over Subscription {OS), Balance Factor (B) and finally
Signal to Noise Ratio Balance (SNRB). RU \s calculated per equation 5.11, as the sum of
predicted throughput that the agent caters for based on an agent’s coverage cell, divided
by the maximum available throughput for the agent as defined by the technology being
used, refer to Section 4.4. The RU element of the utility function encourages the agent to
find a position that maximises its resource utilisation. As there is a limit on available
throughput an access point can provide, a factor to offset the resource utilisation is
required. Over subscription (OS) was introduced to the utility function for this purpose.
Without OS the agent would ultimately maximise its PC resulting in optimisation for
signal coverage and not user demand satisfaction. Similar to the fitness function
described in section 5.2.3 the balance factor B was introduced to ensure balanced signal
coverage and is calculated as the mean error of signal level in the agent coverage cell.
The final element of the utility function is signal to noise ratio balance {SNRB). This
element is calculated as the mean signal to noise ratio of the agent coverage cell and
added to the utility, the higher SNR the better the agent utility.
There are two advantages for the inclusion of the SNRB metric. Firstly as RU is
only evaluated as a ratio of covered grid elements it does not encourage an agent to
produce the best achievable throughput, once demands are satisfied it will be “happy”
and not try to improve its current state. With SNRB the agent not only satisfies user
demands but aims to do so with maximum throughput. Secondly SNRB promotes a better
channel selection, reducing interference therefore maximising achievable throughput for
the individual agent and its closest neighbours. A weighting factor was introduced to
highlight the importance of specific utility elements; the sum of the weighting factors is
one. The weighting factors used in ES can be set by the designer to highlight the type of
solution they require, for example if cost is an issue so a higher weight can be put on the
number of access points required, for agent based optimisation the weighting factors are

76

Chapter 5 WLAN Optimisation
used to influenee the behaviour of an agent. A higher weight (0.7) is put on the RU
reflecting the main goal of an agent: maximise resources. The OS has the next highest
weight (0.2) as the agent should not oversubscribe users. The remaining elements are
considered secondary goals of an agent, produce smooth coverage with minimum
interference to neighbouring access points so these parameters have lower weights
associated to them (0.05). The selection of these weighting factors was done based on
many simulations, the weights suggested above produce the best balanced solution.
Based on the environment percepts each agent can evaluate its own utility using 5.10, the
following will describe the use of the ordinal utility in the decision making process as
referred to in Table 5-4.
One of the game rules state that when a move action is being evaluated agents can
only move to direct neighbours (X) as bound by the candidate access point mesh. When a
move action is selected, the agent evaluates the utility function of its direct neighbours
where u" (x) -

represents the utility achieved by the player n at iteration /, if a move

to position x is being evaluated.
uf < max

}

(5.13)

.vgA"

If a player chooses to move to a new position then the equation specified in (5.13)
states that the player must move to a position that maximises its utility. If the player can
not improve its utility then it would be irrational to move therefore the player remains in
its current position. If the condition-action rule for split becomes true then the player
evaluates the potential utility of each of it’s neighbours X to find the best position the new
player should start. To maintain rationality when evaluating a neighbouring position as a
potential player, the player must consider the environment change that will occur due to
splitting, i.e. there is an extra player that influences the utility value.
To encourage faster convergence an exception to the game rules was introduced.
When evaluating a split action, the player not only evaluates its direct neighbours but also
the closest candidate position to the player gravity point. Figure 5-29 shows how an agent
evaluates their gravity point.
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The mean of uncovered grid points (Oversubscription Cell) is selected as the
gravity point, if the utility achieved at the gravity point is greater than all other
alternatives (neighbouring positions) then the new agent starts at the closest candidate
access point position to the gravity point. I'his additional game rule enhances the initial
spread of players at the beginning of the game spawning players in areas that require
coverage.
fhe channel selection is done again based on the agent utility function. To
improve speed when evaluating potential channel changes, the game rules state the agent
can only evaluate three alternative channels, one above, one below and a randomly
selected channel. The agent re-evaluates its own utility with the three different channels,
d'he most significant utility gain of this change is reflected in the SNRB element of the
utility function. If the new utility is better than the agents’ current utility value then it is
allocated that channel.
In a fully observable environment where the agent has sufficient facts about it, a
logical approach enables the agent to derive a plan that is guaranteed to work. However,
our agent never has access to the whole truth about their environment. The agent must
consequently act under uncertainty. In terms of the WLAN optimisation the uncertainty is
the effect the players’ action has on other players in the game leading to the impact on the
global optimum. The following describes a co-operative approach which was
incorporated into the algorithm to support an agent operating with uncertainty.
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5.4.2.4 Co-Operative Game
Considering the agent is myopie and its actions may have an adverse affect on its
immediate neighbours an agent must incorporate some altruistic behaviour. The major
advantage of using a utility function as a performance measure during the agent decision
process is that it can be extended to include a factor that represents the welfare of other
agents as a result of a specific action. The following illustrates an example of a basic
game with two players; this scenario shows how agent co-operation can be incorporated
into the game. Figure 5-30 shows the current environment state at iteration /, there are
two players PI and P2. PI calculates its RU and is evaluating which neighbour position
to move to (indicated by white circles). If PI moves to the neighbour on the right (Figure
5-31 B) then Pi’s RU increases thus increasing its utility but if PI completes this move
then the utility of P2 will be significantly reduced.

□ RU of PI

□ RlJofP2

O

Neighbour of PI

Figure 5-30 - Current Environment State at Iteration /

B
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1
1
1
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1
1
1

—
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C1

0
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Figure 5-31 - Change in RU of Player PI when move action is taken

Alternatively if PI moves to the left position (Figure 5-31 A) then its utility remains the
same but as can be seen from Figure 5-31 the utility of P2 would increase. To encourage
PI to move to this position a level of co-operation between agents is necessary, without
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the requirement of complex evaluations an agent reward Ur was introduced. This
parameter also ensures no player diminishes the utility of another.
Equation 5.13 shows how this reward is calculated. If at time t the agent is
evaluating an action a then the reward is the sum of the difference between the
neighbouring agents {K) current utility and resulting utility if action a is taken, * indicates
a potential change in the environment state.

k<K
Ur:

,-Ul)

(5.13)

k=Q,

The reward achieved is then added to the utility of the agent making the decision
hence, if the result of an action was to reduce a neighbouring agent’s utility then the
reward would reduce the utility of the agent, encouraging it to avoid such an action. This
element also allows the game to converge to a solution that is Pareto efficient, i.e. the
game ends when it is impossible for all agents to increase their utility without decreasing
the utility of another player.

5.4.3 Parameters That Influence Agent Behaviour
Two additional algorithm specific parameters were introduced to further infiuence
the behaviour of an agent. These are a Split Threshold (ST) and Over-Subscription
Threshold (OST).
The use of ST is comparable the learning parameter of ES as described in Section
5.2.1. It was introduced as a game rule for the myopic agent based optimisation to deal
with uncertainty the agent operates under. This parameter specifies a minimum threshold
for the utility value before a split can be initiated. This parameter restricts an agent from
making an unnecessary decision in the current iteration where the actions of others in
following iterations can contribute to its future utility. Unlike in ES where the learning
parameter remains static, the ST is dynamic and self determined by each agent. The
threshold is gradually reduced based on the idle time of the agent. For example if an
agent is oversubscribed and evaluates a split function, if it is below ST the agent does not
invoke a split action. The agent is deemed to be idle if no utility improvement has been
achieved since the previous game iteration i.e. no action was taken by the individual
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agent or other neighbouring agents that affected the agent performance. The longer an
agent is idle the further ST is reduced. Hence a point of the game will be reached where
the agent utility has not been improved and the probability that changes in the game
environment will increase its personal utility is negligible. As a result the agent can
conclude that a split action is required. The impact of this split threshold on the quality of
the solution is explored in Chapter 6.
OST denotes the oversubscription threshold used during evaluation of the
condition action rules, the oversubscription threshold represents the acceptable
oversubscription level per agent, for instance if the agent is only 10% oversubscribed it
does not justify the addition of another access point. It is also used as a termination
control. Once all agents can not improve their utility and oversubscription threshold has
been met, then a Pareto optimal solution has been achieved. Both of the parameters
described assist in the success of the agent based algorithm by offering some local control
to agents while contributing to the global goal, specifically to find a solution with a
minimum number of access points to satisfy the user demand.

5.4.4 Agent Behaviour Evaluation
To investigate the effectiveness of the agent based approach as a scalable
optimisation solution for WLAN planning the proposed methodology was applied to
small, medium and large scale environments. To demonstrate an agent's behaviour and
utility function only a basic environment will be presented in this section. A more
thorough evaluation of the proposed techniques will be presented in Chapter 6.
The evaluation environment is a simple building configuration that is 110 metres
long and 36 metres wide. The environment represents a segmented open office area.
There are three equally sized office areas requiring WLAN access to 20 users at high
usage (300 kbps/user) in each section. The floor plan and user demands are passed as an
input to the agent based approach and the optimisation was run. It took 18 game iterations
to reach an optimal solution. Figure 5-32 shows the progress of the agent based
optimisation displaying the results of all game iterations. At the game’s commencement
there is only one agent or player in the game, at position 10, far right of the building; this
represents a single access point in the environment. The path of this player and associated
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actions during the game can be tracked by the green arrow, each position it reaches
within the candidate access point mesh is marked by a circle.

# Player 1

.........>

Player 2

▲ Player 3

--------- -►

..............>

Figure 5-32 Agent Interaction and Game Progress

The player continues to move to position M6 at the border of a wall, in this
position the agent cannot increase it’s utility function any further by a move action, as
there is an unsubscribed area to the left of the agents coverage map, therefore the only
logical action is to split, consequently generating another agent (player two, identified by
a square) to provide additional coverage. Both agents continue to move apart from each
other (red and green path) demonstrating the co-operative element of the game and the
effectiveness of the reward element described in the previous section, each move that a
player makes improves it’s personal utility and that of its closest neighbours.
The game continues with both players selecting an action per iteration. By
iteration 11 player two has reached a position from which it can not improve its utility by
a move action and is not oversubscribed therefore evaluates a channel action. At this
point even though player two can not appear to improve its utility it is still required to
evaluate potential actions per iteration as the actions of other players in the game
environment may influence the agent percepts. For the subsequent iterations of the game,
player one continues to move to an area where it can maximise its resource usage, once it
reaches iteration 14 (marked as Ml4 in Figure 5-32) a split action is required. The
splitting action leads to the agent spawning a third player, represented by a triangle (SI5
on graph), to the oversubscribed area. As expected both players move away from each
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other to share resourees utilisation and move to the centre of the office segments driven
by B in the utility function. The game continues, with a total of 18 iterations before a
Pareto Efficient solution was achieved, i.e. no player can take any action that can benefit
itself without harming another player in the game. Figure 5-33 shows the output of the
optimisation, three access points are suggested distributed evenly throughout the
building. As can be seen in Figure 5-33 the resultant optimisation results provide 100%
coverage to all users.

Figure 5-33 - Agent Based Optimisation Results (Throughput Prediction)

Figure 5-34 shows the results of four different runs of the same environment with various
starting positions (marked by 10 and purple circle). These results demonstrate the agent
based approach is stable as the same optimisation output is suggested regardless of the
starting position. The results presented also show that based on local decisions by agents
an optimal solution can emerge in regular simple building configurations. To further
strengthen these results larger environments were investigated to evaluate agent
behaviour when the number of walls is dense and the system requirements are much
higher, this analysis is presented in Chapter 6.

Figure 5-34 - Optimisation Results from different starting position
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This section detailed the proposed solution to the scalability problem when
centralised optimisation techniques are applied to WLAN design. This was achieved by
utilising aspects of AI, to develop an iterative game played by rational agents. The aim of
this approach is to eliminate the centralised view of the problem by allowing rational
agents make local decisions that maximise personal performance measures resulting in a
global optimum evolving during the game lifetime. The modelling of agent behaviour
allows for an approach that can be applied to an environment of any size.
As opposed to designing an agent that looks at the problem as a whole the
responsibility of solving the design problem is distributed among agents within a game
environment. An agent is comparable to an access point that is searching through the
environment trying to find the best place to rest in order to maximise resource utilisation.
The game begins with one player (agent). This player then has a number of potential
actions it can take to improve its own utility function. A player is bound by a number of
game rules and as it is rational it will only take an action that will improve its utility. The
player can move to a new position, split to draft in another player to help achieve its goal,
change its operating channel to reduce interference or if it is satisfied in its current state
can simply do nothing.
The results presented during the evaluation section demonstrate that such an
approach is stable and local interactions between agents’ leads to a global optimal
solution. To redress the issue of scalability when applied to large scale designs a
comprehensive comparison of the centralised view of the problem with the distributed
agent based approach will be carried out in Chapter 6. An attractive feature of rational
agents is the ability to learn or at least plan ahead in order to make decisions that allow
the agent achieve its goal efficiently. Therefore the agent design for WLAN optimisation
can be extended to allow an agent make a more informed decision, the following section
describes the modifications required to enable an agent with some foresight.

5.4.5 Agent Design with Scope
At present, agent implementation is myopic; an agent only considers the current
environment state and achievable utility in one move. It is believed that by introducing a
level of foresight or scope in the agent design will improve the performance of an agent.
By making an agent more intelligent and introducing the ability to formulate a plan of
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action will aid an agent to achieve its goal quickly. The representation ot the associated
uncertainty introduced by such an approach is a difficult task and requires further
investigation. This section proposes some improvements to the agent design that allows
the agent to use some foresight to improve the decision making process. Figure 5-35
shows the required modifications to the agent design. The previous simple condition
action rules are replaced by a complex decision network to allow the agent to make a
more informed decision by looking ahead a number of iterations and generating a
temporary environment state that it believes will emerge based on the assumption that all
agents are indeed rational.

Figure 5-35 - Agent Design with Scope

Figure 5-36 shows the decision network for WLAN design. The game is
sequential with each agent taking an action at time /. The shaded circle indicates the
current state that the agent is in and all available environment percepts are known and
complete. The agent proceeds to evaluate all potential actions, M, S, C or A and evaluates
the resultant utility function based on each action. To allow an agent make a more
informed decision it has the ability to look ahead a number of game iterations and take an
action that will maximise its expected utility after a number of game iterations, therefore
an agent can sacrifice initial improvements in utility with the view to achieving a greater
return in later stages of the game. This ability introduces difficulties in terms of
uncertainty, the agent is never fully sure what the environment state will be after a
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number of iterations, but it can estimate agent belief {AB) of what the environment state
will be by predicting neighbouring agents reflex actions and estimating the impact on its
own utility.

Figure 5-36 Decision Network for WLAN design Agent

Figure 5-37 demonstrates the process of calculating AB at time t+1 for possible
action selections. Part of the agent percepts include neighbouring agents whose coverage
cell overlap, therefore identifying which agents influence its utility function. With this
knowledge the agent can maintain a temporary environment state. As the agent is playing
in an iterative game it can evaluate each neighbour’s best response {BR) to the action
taken. As all agents are rational and act “honestly” when given the current environment
state the agent can evaluate its neighbour’s likely response to its action, the only logical
action is that which leads to an improved utility. Agent belief is then calculated as the
difference in utility between first evaluation and after all agent potential best response.
There still remains uncertainty as the agent does not know what influence agents outside
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its percepts have on the environment state, hence the further an agent tries to look ahead
the more unreliable the resulting utility becomes.

Neighbour 1
Environment
State
Changes

Neighbour N

u,t+l

U,

ABn
Figure 5-37 Calculating Agent Belief at time t+I

Although such a feature will improve the performance of an agent, giving it the
ability to formulate a plan of action that will aid in achieving its goal quickly, the
representation of the associated uncertainty in the game is a difficult task and requires
further investigation.

5.5 Conclusion
In this chapter three optimisation techniques were proposed for application to
WLAN design, these included ES, ES with environment segmentation and a distributed
agent based approach. The goal of the research presented is to find an optimisation
technique that could produce an optimal solution regardless of the size of the design
problem. To successfully achieve this goal the research evolved from a centralised view
of the design problem to a semi-distributed approach and ultimately leading to a fully
distributed agent based approach, the advantages of each approach were considered when
developing the next algorithm and more decisively the drawbacks of the previous were
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addressed. This metamorphosis of the optimisation algorithm can be seen in Figure 5-38
each step producing a more scalable solution to the optimisation problem.

Centralised
Evolution Strategies

Semi-Distributed
Segmentation & ES

Distributed
Agent Based Approach

Figure 5-38 - Evolution of Optimisation Algorithms for WLAN Design

ES is an efficient direct search method that performs well for environments that
require up to ten access points; any larger environment causes the optimisation technique
to converge to a solution of poor quality in terms of distance from the optimal. To
overcome this deficiency when applied to larger environments a technique inspired by
divide and conquer was proposed. This involved combining environment segmentation
with ES. The environment is divided into smaller more manageable optimisation
problems known as crystals, each sub-problem can then be optimised using the ES
algorithm; the final solution is the combination of all crystal results. Although this semidistributed approach demonstrated improved stability when applied to large environments
it is more tailoring of the problem rather than optimising, and it’s difficult to evaluate
whether a global optimum can be achieved on each run. One important outcome of
applying the segmentation algorithm is the decomposition of the problem into smaller
sub-problems, removing the global view of the problem is extremely attractive to
improve scalability for large scale WLAN design. Therefore to develop a truly scalable
optimisation algorithm for WLAN design the area of distributed AI was investigated as a
possible solution. This interest was sparked as a result of various research works
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involving the application of self-organising systems and game theoretic techniques to
sensor networking issues due to the highly dynamic and complex characteristics of
indicative of such systems. The major advantage of these techniques is the level of
scalability that can be achieved therefore it is proposed to utilise these principles and
apply them to our design problem, resulting in a fully distributed agent based algorithm.
This algorithm utilised tools of distributed A1 including agent design and utility theory to
model the WLAN design.
By analysing the behaviour of agents playing and competing in a game
environment a global solution to the optimisation problem can evolve from simple local
interactions between agents. The game component of the algorithm produces a similar
affect of having a population based optimisation algorithm, competition between
solutions in a population encourages an overall better solution [55], similar agents
competing in a game environment are driven to succeed within the bounds of the game
therefore resulting in the emergence of a global solution. The success of self-organising
systems and agent based approaches does come with a number of limitations. The most
significant for the WLAN planning algorithm is as scalability increases the predictability
of the system behaviour diminishes [64J. This may certainly be the case for environments
that change frequently, but for access point placement optimisation the environment
remains static and by ensuring a well designed agent that truly behaves rationally the loss
of determinism is narrowed and not a cause for concern. The most attractive feature of
distributed A1 is gained, namely scalability without many of the inherent drawbacks. Our
goal was to provide an algorithm that has sufficient granularity to produce a near optimal
solution regardless of the environment size or associated design constraints.

The

implementation of the multi-agent based algorithm produced very promising results, by
reducing the complexity of the problem, allowing rational agents to interact and make
independent decisions to improve overall system performance. In order to demonstrate
the suitability of such an approach for large scale WLAN design the following chapter
will give a comprehensive comparison of the three optimisation approaches previously
described.
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Chapter 6

Optimisation Technique Evaluation

6.1 Introduction
The three optimisation techniques described in Chapter 5 were implemented and
incorporated into a single software package, designed as part of this work, to allow for an
appropriate performance comparison. The theoretical parameters required for wireless
network planning were validated by means of empirical measurement as described in
section 4.3.1 and section 4.4. These included signal level prediction and throughput
prediction. Section 5.2.4 further demonstrated that these parameter estimates used in the
WEAN design correlated with the actual measured data. The purpose of the evaluation
presented here is to compare the three approaches to WEAN optimisation, including the
centralised view taken by ES, the semi-distributed view of the problem as a result of
environment segmentation and the fully distributed approach of an agent based algorithm
with the view to highlighting a scalable optimisation for WEAN design. Before the
optimisation algorithms are evaluated, a number of algorithm specific parameters were
investigated to establish appropriate settings and lo determine the reliance ot the
optimisation algorithm on these parameters when attempting to achieve an optimal
solution. This evaluation continues via the optimisation of three different environment
scenarios, small, medium and large WEAN designs. Each algorithm takes the same input
and the ensuing WEAN design is appraised based on user demand satisfaction, number of
access points and resource distribution among access points.

6.2 Optimisation Parameter Evaluation
6.2.1 Agent Based Split Threshold Evaluation
To investigate the influence of the split value on the agent based optimisation,
the approach was run on the same scenario shown in Figure 6-1. The minimum required
number of access points is 7.25 and calculated as per equation 6-1. The number of users
is multiplied by the required usage divided by the theoretical achievable throughput
available to an access point (6.2Mbps for IEEE802.1 lb).
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(# users * usage)
= Minimum Required Access Points
Max _ Achievable _ TP

(6-1)

The goal of the optimisation is to satisfy user demands with a minimum number of access
points, therefore to gauge the solution quality the number of access points suggested by
the optimisation algorithm is divided by the minimum required number of access points,
a result of one being the optimal solution. The number of access points must be an integer
above or below the required number, for illustration purposes and to highlight the
solution quality, the result is subtracted from one showing the distance trom the optimal
solution (the closer the solution is to zero the better it is considered). For each run of the
optimisation a different value of ST was used, the ranges and results of the optimisation
are shown in the Table 6-1.

71m

150
Num Users:
Usage (Mbps)
03
Required(Mbps)
45
7 258065
Num AP:

----------------------------------------------- 68m ------------------------------------------------ -—

Figure 6-1 - Split Value Evaluation Environment Configuration

When the split value is at its lowest ten access points are suggested to give 100 %
user demand satisfaction. The game took 31 iterations to converge to a Pareto optimal
solution. This result is clearly an over design compared to the expected 8 access points to
achieve 100% demand satisfaction. The high number of access points is triggered due to
the low split value, if an agent is over subscribed it does not give other agents a chance to
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help diminish the amount of OS. As the split value is increased the number of access
points decreases, with 8 access points being suggested for split values between 0.6 and
1.2. The number of game iterations also increases as the agent does not “act on impulse”
but rather waits to see if other agents can reduce their OS therefore avoiding a split.
Split Value

0.1
0.3
0.6
0.9
1.2
1.5
1.8
2.1

Suggested
Number of
Access Points
10
9
8
8
8
7
8
9

User Demand
Satisfaction

Number of
Iterations

1
0.99
1
0.993
0.999
0.979
0.999
0.999

31
32
47
44
79
89
167
314

Table 6-1 - Split Value and Optimisation Results

With a split value set at 1.5 it promotes a longer wait time before a split action
is invoked allowing other neighbours to reach better positions that can satisfy the
uncovered demands of other agents. If the OS is distributed among agents then OST is
met and the optimisation is terminated. With seven access points a user demand of 97% is
achieved compared to 100% when eight access points were used with split value of 0.6
and took almost twice the number of game iterations to reach a solution. As the split
value gets even higher the number of access points in the solution begin to increase again,
this is caused by the fact that every agent is idle for a long period of time and reduces the
split value at a similar rate. Consequently all agents reach the split threshold at
approximately the same iteration and therefore split at the same time. The two most
attractive solutions resulted when the split value was set at 0.6 and 1.5. Figure 6-2 shows
the solution quality per split value. 1.5 produces the closest to the optimum with only
seven access points, but it takes twice as long to run and there is approximately 3% of the
environment uncovered due to oversubscription. Depending on what the designer’s
priority is, i.e. demand satisfaction or number of access points, either solution can be
assessed as producing an optimal design.
It is therefore recommended to take a value close to the average of these values
and set a split value of 1 for large environments. The average agent utility value is
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calculated at approximately 0.4. A split value of 0.6 is recommended for small
environments with a small number of access points, the solution will converge faster and
the small number of access points as the percept overlap between agents will already be
significant and small environment changes will have less influence on an agent
oversubscription rate.
0.3
0.25
0.2

re

3

o
c
o

0.15
0.1
0.05

O
(/)

0
-0.05

0.1

0.3

0.6

0.9

1.2

□

1.5

1.8

2.1

-0.1
Split Value

Figure 6-2 - Solution Quality per split value: Agent Based Optimisation

6.2.2 Influence of ES Weighting Factors
To evaluate the effectiveness of the weighting factors on the ES based
optimisation the same environment configuration used in the agent ST evaluation above
(Section 6.2.1) was considered. The optimisation was run nine times with the same input
the only difference being the weight factor set (WS) used. There are three parameters in
the fitness function each with a weight: the user demand satisfaction (D), Balance Factor
(B) and Number of Access Points (A). Table 6-2 shows the weight sets used and the
resulting optimisation output. The influence of these parameters are design specific. If
user demand satisfaction is the ultimate goal of a design then a higher weight should be
placed on D, but this could result in over design. As can be seen from Table 6-2 the
viable solutions result from weighting sets 2 to 8 as the minimum number of access
points is achieved or slightly exceeded and user demand satisfaction is closest to the
required 100% threshold.
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WS
0
1
2
3
4
5
6
7
8

D

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

B

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

A

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Number of
Access Points

User Demand
Satisfaction

Best Generation

1
6
8
8
8
8
9
9
9

0.137
0.826
0.997
0.991
0.996
0.995
1
1
1

6
118
79
23
129
85
226
101
242

Table 6-2 - Weighting Factors and Optimisation Results

To demonstrate the impact a weighting factor has on a parameter, D was
allocated a weight of zero the first optimisation run, the results clearly show that with out
user demand being considered as part of the fitness function the lowest number of access
points for a design one is suggested. Even with a low weighting factor the user demand
drives the optimisation but the resulting solution of 6 access points only guarantees 82%
user demand satisfaction. The weighting set of 2 through 5 suggest eight access points,
unlike the agent based approach ES always tries to satisfy 100% of user demands (unless
demand threshold is set otherwise) and oversubscription is not explicitly considered as
part of the fitness function, therefore seven access points are never suggested. The higher
weighting sets suggest an extra access point as the higher weight on D encourages a
solution that reaches 100% rather then 99%, this is a slight over design but it
demonstrates the influence of the weighting factors. The solution quality was calculated
using the same procedure as the previous section. Figure 6-3 shows the results. The
values in Figure 6-3 suggest that weighting sets 2-5 produce the best solution. Based on
these results and multiple runs of other environments it is recommended to use WS 5 as
default as it represents a good balance between the parameters D and A when trying to
achieve the global optimum of maximising demand satisfaction with a minimum number
of access points.
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0.25
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0.1
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0
-0.05
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-
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0.25

-

Weighting Factor Set

Figure 6-3 - Solution Quality per Weighting Factor Set: ES

6.2.3 Candidate Access Point Grid Density
As the candidate access point grid is essentially the search space for the
optimisation algorithms the density ot the grid has an impact on the solution quality. As
stated in Section 4.2.3 if the candidate grid is too sparse the optimal solution could be
missed and if it is too dense then it can cause the search space to become too large for the
optimisation algorithm to handle. For ES and Segmentation a dense grid provides a large
variation of candidate positions and potential combinations, therefore if allowed to run
long enough it may converge to an overall better quality solution. The only impact on
these algorithms is increased computational time and a higher reliance on evolutionary
parameters to avoid premature convergence. After many runs ot the agent based
algorithm on various environments it was discovered that the progress towards a solution
is much more sensitive to the grid density and starting position than the previous two
approaches. The obvious reason for this is that an agent is bound by the game rules to
only explore its neighbouring access points for a healthier solution. The algorithm will
still converge to a viable near optimal solution, but similar to the introduction of the
balance factor possibly a “nicer” solution could be achieved with a little extra
exploration.
The impact is minor in an environment that is generally open as the results in
Section 5.4.4 demonstrated. Regardless of the starting position the same solution was
achieved. But in an environment with many walls, and a dense grid the influence is more
predominant. Agent movements are restricted by the grid layout and connectivity to other
candidate positions. Figure 6-4 shows an exaggerated example to demonstrate the
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potential problem, the figure shows the agents position in a room marked by the yellow
circle, as the agent is over-subscribed on the bottom right corner the condition action
rules state that a split action should be considered. If no neighbour can produce an
improved position as in step two of the figure then a new agent is introduced into the
game to provide the coverage to the OS region. The grid layout due to density is over
restrictive to the agent movement, therefore results in two access points where only one is
required. If a path existed from the agent to the green circle in step 3, then there would be
no issue as the agent will evaluate this as a potential move position. A less dense grid
would result in a larger distance between the candidate positions as they are evenly
distributed throughout the environment, therefore agent movement would be less
restrictive.

M

Q

o

O

A

1. Agent Position
with OS therefore
evaluates split

OS

2. No better
Neighbour so new
agent created (blue)

3. But Neighbours,
neighbour doesn’t
require a split action

Figure 6-4 - Agent Restrictions due to grid layout and density

To reduce the risk of such a situation for the agent algorithm another game
enhancement can be made. Again drawing from the successes of ES an agent “hop” was
introduced. By allowing an agent to not only evaluate its neighbours but also its
neighbours neighbours. A hop count is defined and in a similar way to which an
individual traverses through the grid in ES, the agent can randomly select a neighbours
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neighbour and evaluate the position for a potential move. The agent keeps evaluating
until the predefined number of hops has been reached. The inclusion of this feature
introduces more computational time when an agent is making a decision, particularly
when there are a high number of players in the game, but this gives the agent the ability
to explore its extended neighbourhood and produce a more balanced solution. The
inclusion of this feature does not undermine the architecture of the agent and the general
game structure as described in section 5.4.2, an agent will still converge to an optimal
solution without it. Rather the number of hops provides a mechanism for an agent to be
more productive in their decision making. It also strengthens the opinion that an agent
with scope described in section 5.4.5 can produce a higher quality solution.

6.3 WLAN Design: Case Studies
There are a number of algorithm specific parameters described in Chapter 5 that
require setting before optimisation begins. The recommicnded parameter values are
summarised in Table 6-3.
Optimisation Algorithm Parameters
Evolution Strategies
Details

Unit

Default

n

Number of ES Parents

-

10

X

Number of ES Offspring

-

31

AP-o

Number of Access Point Mutation Strength

-

2.343

HP-a

Number of Hops Mutation Strength

-

2.343

CH-o

Channel Mutation Strength

-

2.343

I

Learning Parameter

-

0.2

DT

User Demand Threshold

%

0.9

m‘

35

Segmentation with ES
CS

Initial Crystal Size

Agent Based Optimisation
ST

Split Threshold

-

1

OST

Over-Subscription Threshold

-

0.1

Table 6-3 - Optimisation Algorithm Parameters
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As per Table 6-3 the agent based algorithm only requires the setting of two parameters
before optimisation begins in comparison to eight parameters for ES, making the agent
based approach much more attractive from the designers’ point of view as a minimum
amount of initialisation is needed and little knowledge about how the algorithm works is
required.

6.4 Small Open Office Environment
6.4.1 Configuration and Settings
The first environment considered for evaluation is a small research space with a
combination of labs, offices and open plan work spaces. The requirements are such that
there are three distinct sections each needing to provide a minimum of 300 kbps to 20
users. Figure 6-5 shows the floor plan skeleton with user demands defined. This is passed
as an input into the propagation model and optimisation algorithm.

Figure 6-5 - Small Office Building: Total of 60 users, high usage

With the environment defined and user demands specified, the next step of the
pre-processing is the generation of the candidate access point grid. The resulting grid is
shown in Figure 6-6, a total of 1352 candidate positions were defined each with an
individual signal coverage map generated using the Motif Model, a sample of the
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prediction is shown in Figure 6-6. As stated in Section 4.2 the pre-processing remains
static during the optimisation. As the optimisation problem is small the application of the
segmentation algorithm becomes redundant, it would simply be another run of the ES
algorithm therefore this algorithm will only be included in the comparison for the
medium and large case studies. The environment configuration and resulting pre
processing are used as input for the ES and agent based optimisation. The following
section presents the results of each algorithm and they are compared based on the number
of access points, resource distribution and user demand satisfaction.

Figure 6-6 Candidate Access Point Grid for Small Environment

6.4.2 Small Environment: Optimisation Results Analysis
The ES optimisation converges to a solution of three access points to comply
with the user specified demands. The number of access points corresponds to the
theoretical minimum required on the basis of 60 users requiring 300kbps. Termination of
the ES was set at 600 generations as no significant solution improvement can be achieved
after this number due to the learning parameter. The algorithm converged to the optimal

99

Chapter 6 Optimisation Technique Evaluation
solution after 183 generations and the fitness progress is shown in Figure 6-7, after this
point there was no improvement to the solution quality. Large mutation strengths and a
low learning parameter were used for this simulation giving the algorithm a phased
optimisation, firstly the number of access points and their positions are the most
influential on the fitness function, once the positions are set out, the selected channel
becomes the dominant factor on improving the fitness value.
0.6

40

79

118

157

196

235

274

Generation

Figure 6-7 - Fitness Progress of ES Optimisation

Similar results were produced when the agent based algorithm was used to
optimise the same scenario. Three access points are also suggested one in each demand
area defined during the pre-processing stage. The graphs shown in Figure 6-8 are used to
compare the resource distribution of both optimisation approaches and the solution
quality when applied to a small environment.
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The left graph in the figure shows the access point resource distribution of the
ES results. Out of the three access points two are operating at just above 100% capacity
and the third is 89%. The graph to the right of the figure shows the resource distribution
for agent based solution, the access points operate at 88%, 99% and just above 100%
capacity. The difference in user demand satisfaction between the algorithms is negligible
with ES producing marginally better performance by 0.3%. Ultimately the quality of the
solutions for each algorithm is the same, both suggest three access points and provide
99% user demand satisfaction. Figure 6-9 and Figure 6-10 show the access point
positions, channel allocation and predicted throughput of ES and agent based
optimisation results respectively.

Figure 6-9 - Channel Allocation and Predicted Throughput: ES Optimisation

The grey region marks areas where access points are over subscribed and are
unable to satisfy user demand, not due to insufficient coverage but the saturation of users
connected to the access point serving that cell. When designing a WEAN it can be
difficult to definitively specify exact user requirements, for example the number of users
may vary during different times of the day, therefore they are generally an estimate of the
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maximum required demands. Considering this it is unlikely that the access point serving
the grey area will be operating at full capacity all the time.
Additionally in Figure 6-10 the main source of oversubscription highlighted in
grey, is caused by the access point marked as A in the figure. From this position the
access point A has the strongest signal level in the area marked as 1 to the left of the
figure. This is due to the granularity of the environment description between the access
point A and the area marked as 1. There are no obstacles described in the outdoor area,
such as trees or other walls, therefore it is considered as free space by the propagation
model. This is not a major issue in this environment and does not make a large impact on
the solution quality (could increase demand satisfaction to 100% from 99%), but it does
underline the correlation between a good quality and an accurate environment
description. The agent based algorithm generates a better channel allocation by
suggesting the three non-overlapping channels available in the spectrum 1, 6 and 11.
Although ES provides channels with sufficient spacing, the agent results demonstrate the
advantage of including SNR as part of the agent utility function.

Figure 6-10 - Channel Allocation and Predicted Throughput: Agent Optimisation
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The results presented in this section demonstrate that both approaches can
produce an optimal solution when applied to small environment, with three access points
corresponding to the theoretical requirements for the user demands. ES provides a
slightly better user demand satisfaction due to a lower oversubscription but the agent
algorithm suggest a better channel allocation for the environment. To further validate the
algorithms they will be applied to a medium sized optimisation problem.

6.5 Medium Office Environment
6.5.1 Configuration and Settings
To evaluate the performance of all three algorithms when applied to a medium
sized optimisation problem the environment shown in Figure 6-11 was used. It is
representative of an environment with a dense number of walls and a high user dem.and.
fo demonstrate the use of demand areas as a form of priority mapping the floor has been
split into two sections the top section highlighted in green requires wireless access for
120 users running applications that demand a medium usage (150 kbps). It is necessary
for the wireless network to provide 100 users with a high usage requirement of 300 kbps
in the remaining section of the building.

□

□

I

1100 Users ® High Usage

[

[ 120 Users <S> Medium Usage

□

Figure 6-11 Environment Configuration for Medium sized Optimisation Problem
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6.5.2 Medium Environment: Optimisation Results Analysis
6.5.2.1

Evolution Strategies Medium Environment Results
The first algorithm that was run was ES. The results of the optimisation suggest a

total of nine access points are required to satisfy user demands. The access point
coverage cells and predicted throughput of the resultant access point configuration are
shown in Figure 6-12. The areas marked with a blue circle on the bottom and top right of
the building show where predicted throughput is at is lowest. Lower SNR in the
highlighted regions is caused by poor channel allocation between neighbouring access
points.
The overlapping channel interference causes a reduction in the potential
achievable throughput, but the value still falls above the minimum requirement of 300
kbits. As discussed in section 3.5, channel allocation for indoor WLAN is typically run as
a separate process as it increases the complexity of the optimisation problem dramatically
when directly considered as a metric. Also most of the access points currently on the
market operate with dynamic channel allocation as standard. Even with the poor channel
allocation, a nine access point configuration still supports all users with 100% user
demand satisfaction.
The area circled in red to the left of Figure 6-12 again shows the bearing
environment description has on final solution, the balance factor should reduce this effect
by adjusting the access point operating on channel 7 at the top of the building but as ES
takes a centralised view of the problem, it did not reach a solution with a better access
point combination.
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Figure 6-12 Channel Allocation and Predicted TP - ES Optimisation

6.5.2.2 Segmentation Medium Environment Results
To evaluate if a better result can be achieved by segmenting the environment the
same building configuration was used as an input tor the segmentation algorithm. 1 he
optimisation of each crystal uses the same parameters as ES. Similar to ES nine access
points were suggested to oiler 100% user demand satislaction, the access point layout is
shown in Figure 6-13. Similar to ES alone the channel allocation could be improved, but
according to the fitness function the user requirements have been fulfilled, with no access
point being over-subscribed and each grid element satisfying user requirements. One
advantage of the segmentation over ES that can be seen on the left of Figure 6-13 is the
smoother edges between cells and a more balanced resource utilisation between access
points. This is attributed to the semi-distributed view of the optimisation problem, even
though the same number of access points as ES are suggested the positions led to higher
achievable throughput over the building.
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Figure 6-13 Channel Allocation and Throughput Prediction - Segmentation Algorithm

6.5.2.3 Agent Based Optimisation Medium Environment Results
The final optimisation algorithm, the agent based approach was applied to the
same environment. The results of the agent based optimisation specify eight access points
are required to meet user demands. This number is consistent with the user requirements
and theoretical maximum achievable throughput of an access point. Figure 6-14 shows
the position of the access points, the allocated channel and throughput prediction.

Figure 6-14 Channel Allocation and Throughput Prediction - Agent Optimisation

In Figure 6-14 the predicted throughput indicates that all areas are provided
with sufficient coverage to meet user demands. The user demand satisfaction of the
results is 99.8% in comparison to the 100% provided by ES and segmentation
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optimisation algorithms. The small sections marked in grey represent the 0.2% of the
uncovered grid points as a result of user connectivity. As described in Section 5.4 the
agent is given the potential to be over-subscribed by 10% as it should not justify the
addition of another access point. This maintains the objective of optimising the WLAN
design to satisfy user demands with a minimum number of access points.
The available throughput is significantly improved in comparison to the
previous two approaches due to a superior frequency assignment process. The scalability
of the agent based approach allows for the incorporation of frequency planning directly
into the optimisation technique with out the added complexity. A higher SNR provides
higher achievable throughput, the optimal channels allocated by the agents are indicative
of channel reuse of the non-overlapping channels that is typical when planning WLAN.
This characteristic emerged based on the local SNRB parameter of the agent utility. The
optimisation outcome also demonstrates the successful inclusion of various demand
areas, the bottom section of the building that requires more bandwidth is allocated more
access points to satisfy demands. Five access points are required to be deployed in the
lower half of the scenario to satisfy 100 users at high usage and three access points are
distributed in the top demand area to satisfy 120 users at medium usage.
6.5.2.4 Results Statistics and Algorithm Comparison
4'o compare the algorithm performance the following elements are considered,
access point resource distribution, user demand satisfaction, number of access points,
solution quality and finally the subscription rate. Figure 6-15 shows a complete view of
algorithm statistics. For ES and segmentation algorithms the majority of the access points
are operating between 85% -100% with a mean of 86% where the agent based produces a
distribution of access points around the mean of 96% with no access point falling below
85% resource utilisation indicating that all access points are maximising their resource
utilisation and illustrates the co-operative element of the game, agents share the available
resources.
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Figure 6-15 Statistics and Algorithm Comparison

All three algorithms produce is similar user demand satisfaction that is close to 100% but
the agent based algorithm provides this with one less access point that the other two
algorithms and therefore has a better solution quality (closest to 1).
It is desirable to have a uniform resource utilisation among access points.
Therefore subscription rate of an access point is useful when assessing the merit of an
optimisation solution. The subscription rate represents the over or under utilisation of
access point resources. The graph shown in Figure 6-16 shows the subscription rate for
individual access points from the three resultant designs. A value close zero indicates an
ideal situation, a fully utilised access point. Above zero indicates the potential over
subscription of resources and below zero represents the under utilised access points.
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Figure 6-16 Access Point Subscription Rate

As would be expected due to the lower number of access points in the design
produced by the agent based approach, more access points arc closer to zero, for the other
two algorithms a high rate of under subscription reveals resources for those access points
are wasted hence although the user demands are well satisfied it is not done so with a
minimum number of access points or an equal distribution of resources. Although the
agent based algorithm does not produce 100% resource utilisation the difference is
insignificant and outweighed by the cost savings of one access point. The solutions
produced by ES and segmentation are viable as they meet user demands, and possibly
with a separate optimisation step to consider frequency planning the number of access
points could be reduced but the agent based approach out performs both algorithms in
terms of solution quality, channel allocation and achievable throughput. To evaluate
whether this performance gain can be maintained for more complex scenarios a large
floor plan with high demands is considered in the next section.

6.6 Large Office Floor plan
6.6.1 Configuration and Settings
To evaluate the scalability of the three optimisation methods, a final scenario
that requires many access points to satisfy user demands was selected. An environment
configuration representing a large college campus was investigated. The building spans
125 metres by 67 metres with a dense number of class rooms, offices and laboratories.
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An estimated 500 users require wireless connectivity. Each user will run applications
operating at high usage. A total of 2651 candidate access point positions were generated
using the Neural Gas algorithm and used as an input for three optimisation algorithms.
The theoretical minimum number of access points is 25 consequently there are
possible combinations of access points that form the solution search space. The following
section compares the WLAN designs created by each optimisation algorithm.

6.6.2 Large Environment Optimisation Results
6.6.2.1

Evolution Strategies Large Environment Results
Firstly the centralised ES approach is run on the large environment. Thirty five

access points are suggested to satisfy user demands. Figure 6-18 shows the allocated
channels and predicted throughput. As can be seen in the bottom of the figure although
there are significantly more access points than required, their flawed positioning causes
low throughput and areas of oversubscription (marked as the grey area). Poor channel
allocation in areas with a dense number of access points also contributes to low
achievable throughput. The clear difference between the required number of access points
and the optimisation solution indicates that a suboptimal design was produced.
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Figure 6-18 - Channel Allocation and Throughput Prediction (Large): ES

6.6.2.2 Segmentation Large Environment Results
Figure 6-19 presents the crystal layout of the large environment. The
environment was divided into four crystals each independently optimised. The combined
solution sum to a total of 34 access points required to satisfy demands. One less access
point offers slight improvement over ES but improved positioning of these access points
yield a much improved achievable throughput across the building (Figure 6-20).
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Figure 6-19 - Crystal Layout for Large Environment

I'o the left of the building there is a large region over subscribed. This would not be
expected with a high number of access points. This over subscription is due to the ripple
effect described in section 5.3.6. Without a centralised entity validating the solution and
the partial solution only being updated with a forward view, access point positions in a
crystal adversely influences a previously optimised crystal. This can be seen in Figure
6-20, the access point operating on channel 11 in crystal 3 on the top left actually covers
crystal 1, and this is as a consequence of its position within the crystal. As the partial
solution is only extended by going forward, the access point utilisation overlap on
previously optimised crystal is not considered. This results in the grey area being
potentially uncovered.

112

Chapter 6 Optimisation Technique Evaluation

Figure 6-20 - Channel Allocation and Throughput Prediction (Large): Segmentation

6.6.2.3 Agent Based Optimisation Large Environment Results
Finally the agent based optimisation was run to optimise access point positions. Twenty
six access points are suggested by the algorithm to satisfy user demands. This result only
deviates by one from the theoretical minimum of twenty five. The agent based approach
produces a superior solution when compared to ES and Segmentation. The obvious
difference being the number of access points required to satisfy user demands. The access
point configuration output by the agent optimisation produces eight access points less
than that proposed by the segmentation algorithm, this is a sizable difference. The
channel allocation is also considerably better than ES and Segmentation. For example the
three access points in the centre of a large hall on the left all have channels the furthest
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distance apart from each other (1,6 and 11) therefore allowing for high data rates. The
throughput prediction also shows a major improvement over the other two algorithms
with a much higher achievable throughput across the whole environment with minimal
oversubscription.

Figure 6-21 - Channel Allocation and Throughput Prediction (Large): Agent Optimisation

To compare the three algorithms further Figure 6-22 shows graphs of the resource
utilisation, user demand satisfaction, number of access points and solution quality. To
reiterate the goal of WLAN optimisation, an access point configuration is required to
satisfy user demands with a minimum number of access points. To achieve this it is
critical access point resources are evenly distributed. The histograms on the left show the
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access point resource utilisation of each optimisation output. ES performs the worst with
a large quantity of access points operating below 40%. The average of 69% resource
utilisation among access points indicates that the majority of the access points are under
utilised owing to poor positioning, and as a result are superfluous. The improved
placement by the segmentation algorithm increases the average resource utilisation to
71% demonstrating a more evenly balanced access point distribution. But as can be seen
from the graph there are still six access points that can be deemed redundant as they only
operate below 40% of their capacity. Therefore like ES, segmentation fails to produce a
viable solution for the large WLAN.
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The resource distribution produced by the agent optimisation, exhibits a significantly
more desirable configuration. Access points operate at an average of 93% utilisation with
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all access points bar one operating at above 60% with the lowest operating point just
above 50%. This distribution of resources lends itself to a more balanced network with
smoother edges between access point coverage cells. The agent algorithm produces a
dramatically better solution than ES and segmentation. It has a higher user demand
satisfaction with a significantly lower number of access points hence producing a much
greater solution quality. The solution quality is calculated as the number of suggested
access points divided by the theoretical number of access points. The agent access point
configuration produced a solution quality closest to one, with 26 access points, in
comparison to the 35 and 34 suggested by ES and segmentation respectively. Figure 6-23
shows the subscription rate of the access points from each optimisation solutions. With
ES and segmentation it can be seen that the majority of the access points are under
utilised, whereas the majority of the agent based access points operate close to maximum
utilisation, with agents maximising their own resource utilisation an optimal solution
emerges, which satisfies user demands with a minimum number of access points.
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6.6.2.4 Agent Optimisation for Large Environment with Multiple Demand Areas
The previous section confirmed that the fully distributed features of agent optimisation
lends it self to be scalable and can optimise large complex designs. To investigate how
agents interact when user demands vary dramatically across the environment the same
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large building structure was taken and more varying demands have been defined for the
WLAN. Figure 6-24 shows the distribution of user demands among the environment.
There is a large number of labs and offices and therefore a high concentration of users
with high demands on the top right of the building. 1 his will form an interesting game
environment for the agents as they compete in a small area to satisfy user demands. A
total of 69.75 Mbps are required, suggesting a minimum of 12.31 access points are
required.
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Figure 6-24 - Large environment with various user demand areas

The WLAN requirements were passed as an input into the agent optimisation, the
optimisation converged to a Pareto optimal solution after 81 game iterations with a total
of 14 access points required to satisfy user demands. As can be seen from Figure 6-25 the
agent positions are concentrated in the high demand area, where as the distance between
access points is much greater in the section with low demands to the left of the building.
The distribution of demand areas coupled with the dense wall environments results in one
more access point than the theoretical minimum. The mean resource utilisation is 88%
with 50% operating above 90%. The results of this optimisation show that the agent
based approach converges to an optimal solution regardless of the complexity of user
demands.
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Figure 6-25 - Agent Optimisation Results for large multi-demand area

6.7 Processing Time: Incorporation into a WLAN Planning Tool
For an optimisation algorithm to be successfully incorporated into a planning
tool for automatic WLAN design a number of elements need to be considered not least
the processing time of the algorithms. It should be noted that the implementation of the
algorithms as part of a software tool was specifically for comparison of the various
approaches in terms of solution quality and not optimised for commercial software. The
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code includes debugging information, data collection and statistics processing for the
purpose of generating results for the previous section. The evaluation times given could
be further improved by optimising the software code and the removal of redundant data
collection if incorporated into a commercial software package, but the values act as a
guideline for processing times. Table 6-4 shows the processing times of the three
optimisation algorithms when optimising the three environment configurations described
above. The table does not act as a direct comparison of the processing times between the
various algorithms investigated as each produce different solutions but rather this section
makes some suggestions of what should be considered if the agent algorithm was to be
incorporated into a commercial WLAN planning tool.

Process
Pre-Processing
ES
Segmentation
Agent Based

Intel® Xeon® CPU 2.66 GHz 4 GB of RAM
Medium(min)
Small (min)
13
9
202
60
115
86
3
-

Large(min)
61
272
568
2,880

Table 6-4 - Processing times of optimisation algorithms

Although the processing time for large scenario seems infeasible when the agent
algorithm is applied, the fact that a design only needs to be run once and the solution
quality produced far outweighs the processing time required to produce such a solution.
There are a number of contributing factors to the processing time. It is believed the most
significant factor is the coverage map grid density. A sizable coverage grid results in long
search times when evaluating an access point perspective coverage cell. A larger grid
density would certainly give a more accurate solution as the signal prediction would be
closer to real data and hence more realistic throughput estimation can be obtained. To
study the impact the coverage grid density has on the solution quality the following
section will consider the small and medium environments described above. As the agent
based approach produces the best solutions of the three algorithms, it will be the focus of
the investigation.
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6.7.1 Influence of Coverage Cell Grid Size on Solution Quality
The default value for the grid size that was used for the case studies shown
previously is 4X (0.63 m) this value indicates the ratio of wavelength to frequency for the
Motif Model signal environment grid, therefore a higher ratio indicates a sparse grid. To
evaluate if a larger ratio would speed up the agent based algorithm and maintain solution
quality the small and medium environments were optimised with coverage maps
generated with various grid values. Figure 6-26 shows the density of the coverage grid
when various sizes are defined.

Figure 6-26 - Signal Level Prediction showing grid density

fable 6-5 shows the grid values and the corresponding running time for each
environment. For both environments the convergence speed is significantly increased
when the number of coverage grid points is reduced. The optimisation results yield the
same number of access points for each environment, three for the small and eight for the
large scenario.
Grid Size

Small

Medium

Time (min)

Demand
Time (min)
Demand
Satisfaction (%)
Satisfaction (%)
12
99.2
133
99.8
4 X (0.63in)
99.2
66
96.6
6 X (0.96 m)
3
1
96.2
95.9
36
81(1.28 m)
Dell Latitude D600 Intel d) Pentium® M 1.6GHz 1GB RAM
Table 6-5- Processing Time (minutes) with various Coverage Grid Sizes

This would indicate the same solution quality could be achieved. But the user demand
satisfaction is slightly reduced as the grid size is increases. The difference is not
excessive. Approximately 3% demand satisfaction would be lost due to over subscription.
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It would be at the designers’ discretion whether such a difference is acceptable. For
example if the user requirements specify the peak network usage and the network may
never be so heavily loaded (i.e. not all users will be connected all the time) , then the
designer might accept a 90% user demand satisfaction with 10% oversubscription.

6.7.2 Agent Based Algorithm enhancement for improved processing
speed
There are a number of algorithm enhancements that can improve the speed of
the agent game. Such changes do not necessitate a change in the underlining game
architecture. At present the agent game begins with only one player, this is to allow the
number of access points gradually increase until the minimum required is reached. As the
number of players increase so too does the processing time of a single game iteration. In
a large environment an agent could be idle for a long period of time while other agents
make decisions. When the minimum number of access points is reached it is a critical
point in the game, therefore it is proposed that the game not start with one player but with
a number of randomly placed players, correlated with the theoretical number based on
user demands. Such a feature would lend itself to faster convergence but requires an
additional agent action. This action is part of the agents evolutionary process, not only
should an agent be allowed to spawn a new agent, but it should also be allowed to die
allowing for other agents improve their own utility. As players would be randomly
chosen the distance from optimal positions is not known and some access points may be
significantly under utilised. The die functionality would allow redundant agents tree up
resources for other agents to improve performance. This feature does not reduce the
scalability of the algorithm and could allow for a faster convergence to a Pareto optimal
solution.
A major factor contributing to the algorithm run time is searching of the agent
coverage map grid to evaluate access points that cover particular areas in the
environment. The use of sorting algorithms during the pre-processing stage would allow
for quicker lookup when an agent is evaluating coverage in a grid point. This would make
the decision evaluation more rapid and therefore an agent with scope could quickly
devise a plan of action. Another potential speed improvement could be achieved with a
more adaptive definition of the split threshold. In a large environment at the beginning of
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the game when there are few players the potential utility of a split action is high therefore
a higher split threshold is required. This serves its purpose until the number of players
become dense, at this stage in the game the possible utility gain is a lot smaller tor a split
action.
At present the split value is dynamically reduced as the agent remains idle per
iterations, but if the required split threshold is half of the starting one and the iteration
evaluation takes a long processing time the overall game time is significantly increased.
A possible solution to this would be to consider evaluating the idleness period of an
agent. If it has been a long period of time since a significant change in utility then the
agent could reduce the split value accordingly. This behaviour is still done locally by the
agent and does not compromise the distributed aspect of the game. It could encourage
less waiting time before a warranted action is taken.

6.8 Conclusion
In this chapter the three optimisation techniques proposed in Chapter 5 were
evaluated to compare the performance when applied to problems ot varying complexity.
The agent based algorithm emerged to be the best of the three approaches producing a
near optimal solution regardless of problem complexity. Prior to the design optimisation
a number of algorithm specific parameters that influence the algorithm performance were
investigated. First the impact of the agent split threshold was considered. Split values
ranging from 0.1 to 2.1 were applied to a scenario requiring up to eight access points. The
results of this investigation indicate that a low split value can lead to over design, user
demands will still be satisfied but it would converge to a solution that minimises the
required number of access points. On the other end of the scale a high split value takes
longer to converge to a solution but also allows the agent to wait for the resolution of
external influences on its utility function For instance, if an access point with a split
value, is over subscribed it does not split immediately but rather delays the split decision
to allow other agents an opportunity to absorb the oversubscribed area and hence increase
its personal utility. A high split value can lend itself to provide a solution closer to the
optimal but a lot of vain action evaluations can occur for the agent. From this analysis a
split value of 1 was selected as the optimal value, this permits the faster dispersion of
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agents at the beginning of a game and allows a sufficient wait time as the number of
players become dense.
The second parameter that was evaluated was the effectiveness of the ES
weighting factors that are used to steer the optimisation towards satisfying problem
specific requirements. The results of this evaluation demonstrate that the weighting
values can be set to prioritise an element of the fitness function, for instance if 100% user
demand satisfaction is essential a weight set above 5 is recommended. For the purpose of
the case studies the weighting set 5 was chosen as it represents a good balance between
user demand satisfaction and the number of access points.
Another influential factor that required attention was the density of the
candidate access point grid and its impact on agent behaviour particularly in dense
environments. It was identified that a dense grid could be potentially over restrictive on
an agent movement action. The optimisation would still converge to an optimal solution
but to produce a more balanced resource utilisation among agents the addition of an
algorithm heuristic was proposed. This heuristic was stimulated by how access points are
selecting during the mutation stage in ES. The agent is given the ability to “hop” from its
neighbour's position to broaden their view of the environment and explore more possible
move positions. This feature reduces the risk of an agent getting trapped among a small
cluster of candidate positions and also reinforces the premise that an agent with scope can
make more informed decisions.
The main focus of this chapter was the evaluation of the three optimisation
algorithms when applied to various design problems. Three case studies were selected,
small, medium and large design scenarios were chosen. For the small environment ES
and the agent based approach were applied, both producing a similar solution of three
access points matching the theoretical required number of access points for such a
scenario. For the medium environment both ES and segmentation produce a feasible
solution but the configurations require one access point above the expected estimate. The
semi-distributed characteristic of the segmentation algorithm produces a better achievable
throughput over ES as the solutions propagate across the environment using crystal
optimisation. The agent algorithm outperforms both of the other approaches on a number
of fronts. Firstly by producing a solution corresponding to the theoretical number of

123

Chapter 6 Optimisation Technique Evaluation
access points, eight, and this is one less than ES and segmentation and secondly a
considerably better channel allocation was achieved with the agents displaying the ability
to consider channel reuse. This behaviour emerged from the local interactions between
agents, and ultimately leads to a much improved throughput prediction. Thirdly,
resources are evenly distributed among agents with each operating close to maximum
capacity. The results of the medium environment also demonstrated the effect that
multiple demand areas have on the solution. Agents are drawn to areas where there is a
higher user demand as they will achieve a higher utility. The results signify the need for
correctly considering the various demand requirements used by the optimisation
algorithm.
The optimisation results of the small and medium design scenarios demonstrate
that both ES and segmentation produce feasible solutions but the agent based algorithm
produces the best solutions out of the three design approaches.

To appraise the

scalability of the algorithms a large environment requiring many access points is
examined. The design produced by ES makes it evident that as the search space becomes
large a centralised view of the problem does not produce an optimal solution. ES
converges prematurely before an optimal configuration can be achieved. To satisfy user
demands a minimum of 25 access points is required. ES suggests j>5 access points, 10
more then required, as a result there are large areas with low achievable throughput due
to interference. The substandard positioning of access points has resulted in low resource
utilisation of the many of the access points, which renders them ineffective for regular
network usage.
Segmentation produced a similar number of access points with one less at 34,
but by dissolving the problem into a number of smaller steps a better distribution and
channel allocation was achieved therefore providing a higher available throughput. One
draw back of the distributed nature of segmentation was highlighted in the access point
solution. Without a central validation of the growing solution the backward affect of
overlapping crystals has an adverse affect and therefore produces areas where users could
experience oversubscription at peak operating times. The agent based approach produces
the best results by far over the other two algorithms for the large environment. Twenty
six access points are suggested and they are evenly spread across the large building. Elser
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demands are 99% satisfied with slight oversubscription. The solution of the agent
optimisation is significantly superior to those produced by ES and segmentation. By
removing the centralised view of the optimisation the agent is able to handle complex
design problems and a global optimal solution can emerge from their local decisions and
interactions with other agents. These results validate the scalability of the agent algorithm
and suggest it can be applied to any design scenario regardless of the user requirements
and still produce a high quality near optimal solution. I'he results also demonstrate that
due to the local interactions of the agents emergent behaviour protrudes and as a by
product of the optimisation, channel reuse is exhibited. This behaviour allows for a much
better channel allocation among access points, hence a higher achievable throughput then
that achieved by ES and segmentation.
The chapter concluded by discussing the considerations required for inclusion
of the agent algorithm as part of a commercial WLAN planning tool. The agent algorithm
unquestionably is an appropriate algorithm for optimisation ol WLAN in general
environments ranging from small to large. An obvious concern from a commercial point
of view is processing time, fhis was discussed in section 6.7, the processing time
increases as more players join the game as there are more agents that influence
environment percept, a number of algorithm considerations are proposed that could
improve the convergence speed of the agent based algorithm. It can be concluded that
even though a large design problem may take a long time to converge, it only needs to be
done once and the high solution quality significantly outweighs the running time of the
algorithm.
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Chapter 7

Summary & Future Work

The main objectives of this dissertation as set out in Chapter 2 are as follows:

1. A comprehensive review of current approaches to WLAN design, highlighting the
draw’ hacks of these approaches with particular focus on application to largescale WLAN design.

2. Investigation of specific problem requirements for automatic WLAN planning that
provides an efficient user centric wireless network, customised to meet the needs
of a particular working environment.
3. The development and evaluation of optimisation techniques, which overcomes the
drawbacks of the current approaches to WLAN planning and provides a solution
to the problem of scalability when optimising large-scale WLAN based on the
tools of distributed AI.
4. Evaluation and comparison of centralised optimisation and distributed
optimisation approaches with particular focus on their suitability for large-scale
WLAN design.

Outcomes
A high-quality design is required for the deployment of a large WLAN that is
both economically and operationally viable. To achieve such a design an efficient and
scalable optimisation algorithm is essential. This has been accomplished by completing
the objectives specified above. In the following section the main contributions of this
work are outlined and the conclusions that can be drawn from the results are presented.
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1. Current Approaches to WLAN Design
Current approaches to WLAN design were described in Chapter 3, including a regular
deployment, site survey and propagation modelling. These approaches are not feasible for
large complex designs. As a result optimisation algorithms have been employed to
produce a viable network design. A review of previously used optimisation algorithms
for WLAN planning was described in Section 3.5. The advantages and failings of these
approaches were discussed and led to the opinion that only by accurately mapping
problem specific requirements to a scalable optimisation technique an optimal design can
be achieved (Section 3.6). A major drawback of the proposed optimisation algorithms is
lack of scalability due to a centralised view to the optimisation problem. The proposed
solution to scalability was introduced in Section 3.5.2.5.1'he development of this solution
required a number of critical steps and these will be discussed as part of the remaining
objectives.

2. Problem Specific Requirements
For any optimisation algorithm to be successful it must consider all aspects of the
problem it is attempting to find a solution for, therefore a comprehensive analysis of the
factors that impact on the quality of a good WLAN design was undertaken in Chapter 4.
The most important elements that were identified include: environment pre-processing,
propagation modelling and throughput prediction.

Environment Pre-Processing
For WLAN optimisation a crucial prerequisite is the definition of the building
configuration where the WLAN is to be deployed. This is used with the propagation
model for accurate signal level prediction. The accuracy of the prediction is dependent on
the correctness of the environment description. As the design should ultimately be user
centric the designer must approximate the number of users and application types, to allow
a designer define these values with minimum effort a user classification and priority
mapping is presented in Section 4.2.2. The final phase to the pre-processing involves the
generation of a candidate access point grid. To achieve this, a growing Neural-Gas
algorithm was adapted (Section 4.2.3). The potential search space for a large environment
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is not viable for general optimisation. This algorithm allows the reduction of this search
space by evenly distributing access points throughout the complex environment while
maintaining desirable positions such as preventing access points from being placed in
inaccessible areas. The information generated during the pre-processing phase acts as
reference to the optimisation when evaluating the quality of a potential solution.

Propagation Modelling & Throughput Prediction
An accurate propagation model is the corner stone of successful requirements
evaluation. Although signal coverage alone is not enough for designing a viable wireless
network, the predicted signal level from an access point is used to estimate achievable
throughput. The characteristics of an appropriate propagation model for WLAN planning
is quick evaluation times and accuracy. For this purpose two models were selected and
evaluated in Section 4.3, the empirical MWM and Motif Model. Both algorithms
preformed well with respect to computational speed with the Motif Model performing the
best in terms of accuracy in general environments. The result of this evaluation suggests
that an empirical model can be used to verify an optimisation technique but the final
optimisation algorithm must integrate a more complex propagation model for an accurate
design. It was determined that the Motif Model was well suited for this purpose.

3. Optimisation Algorithms for WLAN Optimisation
To address the drawbacks of current optimisation techniques when applied to
large-scale WLAN design three optimisation methodologies were investigated in Chapter
5. Firstly a standard ES optimisation technique was used to gain a better insight into the
optimisation problem (Section 5.2), whereas the latter approaches that have been
developed as part of this research address the issue of scalability using a semi-distributed
environment segmentation algorithm (Section 5.3) and a fully distributed agent based
approach (Section 5.4).
ES like much of the current approaches performed well for small to medium sized
environments but solution quality degraded as the design scenarios became more
complex. To overcome this and utilise the desirable features of ES, an environment
segmentation algorithm was developed. Influenced by a divide and conquer algorithm
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this approach allows for the reduction of a complex solution space to smaller more
manageable optimisation problems. Some performance improvement was gained over ES
when applied to large environments, but careful tuning of algorithm parameters is
required. The multifaceted characteristics of the WLAN planning problem combined with
the successes of distributed optimisation in the sensor network realm directed our
attention to the tools of distributed AI. This resulted in the development of a distributed
multi-agent based algorithm to solve the optimisation problem by removing the
centralised view of the problem and reducing it to a local view (Section 5.4). Generally,
in agent based systems an agent represents a possible solution to a problem, similar to
evolutionary algorithms, but as was seen with ES this does not lend itself to be a scalable
solution. Consequently, it is was proposed not to have an agent represent a solution to the
global problem but rather by designing a rational agent with the ability to interact with
other agents and make rational decisions, a global solution can emerge. The major
advantage of such an approach is the level of scalability that can be achieved with the
removal of the centralised view of the problem.

4. Optimisation Technique Evaluation
The evaluation of three proposed optimisation approaches was presented in
Chapter 6. The three optimisation methods were applied to various design problems,
small, medium and large to compare the performance between approaches and to
evaluate if any of the algorithms provides a solution to problem scalability. ES and
segmentation produced valid solutions for the small and medium design problems. The
semi-distributed characteristic of the segmentation algorithm led to a better achievable
throughput over ES. The agent algorithm out performs both approaches by producing a
solution corresponding to the theoretical number of access points for both environments,
and by producing a much better channel allocation to access points. Also with the agent
design access point resources are evenly distributed with each operating close to
maximum capacity.
To appraise the scalability of the algorithms a large environment requiring many
access points was optimised. The complexity of the problem resulted in ES failing to
produce an optimal solution. Segmentation produced a similar number of access points as
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ES, but by dissolving the problem into a number of smaller sub-problems a better
resource distribution and higher throughput was achieved. The agent based approach
significantly out performs the other two algorithms for the large environment. 26 access
points are suggested one from the theoretical minimum and produce 99 /o user demand
satisfaction. By utilising the distributed tools of AI, the agent optimisation is able to
consider the complex design criteria and a global optimal solution emerges from local
decisions and interactions between agents. These results validate the suitability of agent
optimisation as a solution to scalability when applied to large scale WLAN design.
The evaluation also considered the inclusion of the agent algorithm as part of a
commercial WLAN planning tool. The agent algorithm unquestionably is an appropriate
algorithm for optimisation of WLAN in general environments ranging from small to
large.

7.1

Future Work

Agent with Scope
As described in Section 5.4.5 an agent that has an ability to plan ahead would be
capable of making more mlormed decisions. This could be achieved by extending the
agent design to include a module that allows it to maintain a temporary environment
state. Based on this state the agent could evaluate the best course of action using a
complex decision network that incorporates estimated future changes in the environment.
For such an approach to be successful the agent relies on all other agents being rational
and taking the “best” action, and can therefore make an educated guess on the future
environment conditions. Although this would enhance the agent s ability in achieving a
better utility value in the long run by sacrificing early gains, but there is an additional
degree of uncertainty that is difficult to effectively manage. The agent may be able to
deduce its closest neighbour’s potential actions but there is no way of definitely knowing
whether or not an action taken by a different agent will dramatically change the
environment state, hence losing any potential gains. But once this uncertainty is resolved
correctly the potential enhancements suggest that this is worth further investigation.
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Additional Interference Sources
Interference is a major issue when deploying a WLAN particularly for a large
scenario with high throughput requirements. The optimisation algorithms presented
consider noise from neighbouring access points and can be easily extended to include
existing technologies in a building that may cause additional interference. With a dense
number of people there can be an adverse affect on the received signal level due to
shadowing but also additional interference from client wireless devices operating on the
same channel. The inclusion of this interference is not a trivial task and although the
exclusion of this element does not undermine the results presented in this thesis, the
consideration of such factors would encourage a better design and in turn a more reliable
WLAN deployment.

3D Implementation
Currently the implementation is for 2.5D where floors are stacked but for
incorporation into a planning tool a 3D representation of the environment would be
desirable, this would increase the computational time with the requirement for a complex
3D propagation model but the fundamental Agent based algorithm could be easily
extended for this purpose. The highly scalable agent based optimisation approach could
easily cope with the added complexity.

Design Tool for Sensor Networks
The results presented in this thesis demonstrate the agent based approach
performs well when faced with complex optimisation problems. Although the approach
was designed specifically for WLAN design the promising results indicate that the
developed framework could produce similar results if applied to sensor network design.
A sensor network design brings with it many challenges and conflicting optimisation
criteria and it is conceivable that allowing various agent types to work together for self
organisation could result in a design that is not only good from a communications
perspective but also from a data collection point of view.
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Chapter 8

Conclusion

The study presented in this thesis investigated the WLAN planning problem
with particular focus on the development of an optimisation approach to address the issue
of scalability when applied to large-scale WLAN designs. Enterprise WLAN
deployments are becoming increasingly popular due to the high demand for access to
information at anytime and anywhere. The high expectations of users have made WLAN
developments much larger and consequently more complex. The flexibility and low cost
associated with wireless networks have led many enterprise deployments too be carried
out in an ad-hoc fashion.
Network downtime and support can be very costly for an organisation that relies
on connectivity and the availability of information via a wireless network. For many
enterprises the wireless network has become a vital business asset, as the mobility and
tlexibility it provides increases employee productivity, but also due to the advanced
applications and services that can utilise wireless technology to improve return on
investment (Voice over WLAN, localisation services). As enterprises become more
dependent on the wireless network, the reliability of such is critical, for that reason a
simple ad-hoc approach to WLAN design becomes unacceptable.
Planning tools have been developed to aid a designer by reducing the need for
large measurement campaigns to evaluate potential deployments. These tools provide the
designer a mechanism for evaluating a configuration before deployment using
propagation modelling. Generally these planning tools only allow for signal coverage
prediction and do not consider user requirements on the network. Also these tools provide
a guide for the designer, significantly reducing the measurements required when an
accurate propagation model is used but lack the incorporation of an optimisation
algorithm to automatically suggest access point placement to meet site-specific user
demands.
The multifaceted problem of large WLAN design has stimulated much interest
in the application of optimisation algorithms for WLAN design. Many have drawn on the
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successes achieved in the optimisation of cellular networks with direct search methods
being the most commonly applied algorithm. Although many of the approaches apply
efficient optimisation algorithms, the complexity of the problem is such that many
exclude some factors from the optimisation process, for instance some approaches focus
only on signal coverage and as demonstrated in Section 4.4 planning for coverage alone
will not lend itself to a design that accommodates the users of the network. Another
drawback of current approaches to access point placement optimisation is the issue of
scalability when applied to large-scale WLAN designs. The vastness of parameters that
need to be considered when designing a large network has made many algorithms
unsuitable for large designs. The main contribution of this work is the development of a
scalable optimisation technique that can consider all design factors regardless of
environment size and user requirements and still produce a near optimal solution.
Through the work presented in this thesis it has been identified that a clear
understanding of all aspects of the optimisation problem is necessary and indeed how
these individual aspects impact on each other in order to resolve an efficient design
(Chapter 4). To realise an optimisation approach that can overcome the drawbacks of
current design methods three optimisation algorithms were discussed in detail in Chapter
5. The investigation of these optimisation techniques resulted in the identification of a
scalable distributed design methodology as the most appropriate technique for addressing
the optimisation problem of large WLAN design. Based on the evaluation of the three
proposed optimisation algorithms in Chapter 6 it transpired that the agent based algorithm
fulfils this objective. This was particularly made evident when a large environment was
optimised as performance improvement over the alternative approaches was so
significant.
A potential drawback of the agent algorithm is the processing time required.
Some suggestions to improve the computational speed were presented in Section 6.7.2.
With the implementation of these suggestions, the quality of the resultant solution
combined with the fact that the design only needs to be done once indicates that such an
approach is suitable for incorporation into a commercial WLAN planning tool that allows
a designer, with minimum optimisation configuration (only two parameters) to
automatically design and optimise the number and more importantly position of access
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points to produce a reliable user centric wireless network. The research presented in this
thesis also demonstrates potential for the agent based algorithm to be adapted and applied
to the design of heterogeneous wireless networks, where a large number of conflicting
criteria influence the design of the network. It is envisaged that agents would take on
different strategies depending on their role within the network. For example an agent may
be a sensor node trying to find the best position to ensure the most reliable sensing data
or an access point acting as a gateway positioning itself in order to provide a reliable
communication link between as many nodes as possible.
Overall the research presented in this thesis has shown that local decisions made
by rational agents interacting in a competitive environment, offers an intuitive and
scalable solution to the complex problem of WLAN planning.
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Appendex A.

WinPlanner Software

A software package named WinPlanner was developed to incorporate all the
requirements as set out in Chapter 4 for a WLAN design tool, including environment pre
processing, propagation modelling, and throughput prediction. Also the three
optimisation techniques as presented in Chapter 5 were implemented into the same
software package. This allowed for the appropriate comparison of each optimisation
algorithm and was also used to generate the results shown in Chapter 6. The following
chapter will describe the WinPlanner Architecture and the software modules developed.

A.l WinPlanner Architecture
WinPlanner is a standalone software package developed using Borland C++
Builder. This IDE allowed for rapid interface development based on C++ programming
language. The package consists of a number of modules that allow for optimisation ot
WLAN. The complete software package is shown in Idgure 8-1. The modules include:
■

Graphical User Interfaces (GUI)

■

Environment Description

■

Evolution Strategies

■

Segmentation

■

Agent Optimisation

■

Propagation Modelling and Throughput lookup

The remainder of this chapter will describe the essential modules of the software package
that was used to compare the various optimisation approaches.

135

Appendex A WinPlanner Software

/---- WinPlanner Architecture
.--Agent Optimisation----------II

GAME
HISTORY

GAME
RULES

AGENT ^ ^ PLAYERS
<>

Propagation Modelling
Multi-Wall
Motif
Model
Model

Global
Grid

11

P

i

+
r I:

\
\

LIJ

Game GUI

Throughput

t

Graphical User Interface
alGraphics

Toolbars
Menus

-Environment Description
Candidate Access
Points

Object
Tree

Drawing
Tools

Segments

Measurement
Tools

Export/Import
Tools
(svg,dxf)

N/

Environment Technology
Objects

Floor Plan

Demand
Areas

Segmentation
\/

Create
Segments

Voronoi
Graphs

Crystals

Crystal
Solutions

'

V'

r

____

Evolution Strategies
ES Individual

ES Kernel

Fitness Function

■>

Figure 8-1 - WinPlanner Architecture

Graphical User Interface

Using Borland C++ VCL library a user friendly GUI was developed to provide the
designer with an interface to visualise and specify an environment, problem specific
requirements and also the ability to invoke an optimisation algorithm on a specified
environment (Figure 8-2). This module includes graphics classes and drawing tools that
give the user the ability to define and visualise the environment, including a number of
environment objects, tree structure of the project for data management, graphics for
displaying results and easy to use interfaces for the user to define demand areas and user
application requirements.
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Figure 8-2 - WinPlanner IVlain GUI and Features

Visualisation
ulGraphics is a graphics class that manages the drawing of a specific floor plan. The
graphics class has a reference to a canvas, specified by the GUI, where the environment
is drawn. There are many additional features of the WinPlanner GUI that allow the
designer of a wireless network define and describe the environment with ease, such as
import features to import a building structure from AutoCad, export to various file types
for example plain text or Scalable Vector Graphics XML for re-use in other applications.
In Figure 8-3 a snapshot of the classes used for visualisation is shown. By selecting
drawing tools from a toolbar or menu, the designer can draw objects using the mouse.
The graphics class begins the drawing and updates the drawing as the mouse is moved.
The result is the structure of the object to be drawn and this is loaded into a floor plan
object for storing.
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Figure 8-3 - Snap shot of classes used for Visualisation

DXF Import
An additional feature was added to WinPlanner to allow for rapid requirements gathering,
the designer can specify the WLAN deployment environment by using a DXF import
tool. AutoCad and the DXF file format are commonly used tools when defining building
structures and therefore DXF format of the building plans may be easy to obtain.
Professional building plans are quite intricate and correct building plan divides floors into
different drawing layers. That is why the import is executed only for single floor at a
time. For multi-floored buildings the procedure has to be repeated for each floor. Figure
8-4 shows the import screen for DXF file formats
The procedure using the import tool is divided into 4 steps:
Drawing layers and corresponding wall type are selected.
^ The number and height for the new floor is selected.
The transformation is executed.
'T If successful, the new floor is inserted into a building plan.
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Figure 8-4 - DXF Import Screen

Environment Description

The building structure is obtained either by the user specifically drawing environment
objects or importing for an external file format as described above. To define the
remaining of the pre-processing data further tools were developed.
User Demand Wizard

A user can define an area of interest where a WL>AN should be deployed. Using the
segmentation algorithm the environment is automatically divided into potential demand
areas.

Figure 8-5 - User Demands Wizard Dialog

The user demand wizard provides a dialog box (Figure 8-5) that allows the user traverse
quickly and easily through each demand area defining problem specific requirements
such as number of users, restricts and application types.
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Candidate Access Point Grid

fhe element of the environment deseription that is required before optimisation
begins is the candidate access point grid. To allow the same data be used over various
optimisation approaches the following structure was included as part of the environment
description. The candidate access point grid is generated using the neural gas algorithm
as described in section 4.2.3. Each candidate position is represented by a transmitter
object. A section of the transmitter structure is shown in Figure 8-6. The attributes of a
transmitter include frequency; transmit power, operating channel, its position within the
environment, and a list of its closed neighbours that makes up edges of the candidate
grid. The final element vital to the optimisation is an associated coverage map.
A global grid is created representing coverage prediction points within the
environment (Figure 8-7). Using a propagation model the signal coverage from a
transmitter to each element in the global grid is predicted. This global grid is updated as
candidate access points are added and coverage maps created. Each coverage map points
to the grid points it covers in the global grid. A threshold can also be defined to only
capture the prediction if it is within a specific range for example if the signal is less than 100 then no throughput can be achieved and below this value the interference to other
access points is insignificant.

Figure 8-6 - Candidate Access Point Grid Structure

140

Appendex A WinPlanner Software

A.2 Optimisation Modules
The final elements of the WinPlanner are the implementation of the
optimisation

approaches.

Ihree

modules

were

created.

Evolution

Strategies,

Segmentation and Agent Optimisation. For testing and invocation of the algorithms, two
additional GUI were created and can be launched from the WinPlanner software package.
One GUI was the developed to control of ES and Segmentation and the second was used
to commence and monitor the progress an agent game.
Evolution Strategies
The ES GUI encompasses the flexibility of defining ES parameters, giving the
user the capacity to tune of problem specific parameters such as population size, mutation
strengths, weighting factors and fitness function variations. The progress of the
optimisation can be monitored using this GUI with graphing functions to monitor fitness
function and user demand satisfaction. Figure 8-8 shows the class structure for ES
optimisation module. It consists of a number of units including:
o

ESKernal

o

ESIndividual

o

ESFitness

o

ESLookupTable
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Fitness Function is a class that is written
and an instance is passed to ESKernel,which uses this
class to evaluate the fitness of an individual
ESIndividual
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Figure 8-8 Class diagram of the optimisation Kernel

ESKernel: This class implements the basic concept of the optimisation technique as
deseribed in seetion 5.2. Within this class the evolutionary loop is initialised and iterated
through. I'his class forms the bulk of ES algorithm holding parameters such as population
size, the ES mode, parents and children and also a reference to the fitness function which
is used to evaluate an individual. This class controls the process of ES from, the initial
creation of the population, the mutation of the individuals to the selection of successful
offspring for the next generation.

ESIndividual: This class describes the population Individual, i.e. the parameters required
for evaluation and optimisation. Every individual has a vector of parameters to be
optimised, vector of mutation strengths and a fitness value. ESIndividual represents the
structure described in section 5.2.2.
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ESFitness: Describes how an individual should be evaluated, this class is problem
specific but the module structure allows it to be easily extended or replaced without
compromising the basic ES algorithm. Evaluate Fitness is the only required function of
the ESFitness class. This function take an ES Individual, based on the values in the vector
a fitness value is calculated and set to the individual.
ESLookupTable: This class holds a look up table for optimal ES parameters. I'he values
are calculated based on ES mode used and population size. It also holds a reference to the
channel overlapping factors and throughput lookup table.
Segmentation
For segmentation an extension was required, it involved the addition of middleware
between ES and the ES GUI. The segmentation unit controls the creation (interfacing
with environment description), validation and tailoring of the global solution. Figure 8-9
shows the extra implementation required. Each crystal is input to the ESKernal which
returns a solution for that crystal in the form of an ES Individual. This continues until all
crystals have been successfully optimised and bound together to lorm a global solution to
the optimisation.

Figure 8-9 - Segmentation Implementation
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Agent Based Optimisation
The implementation of the agent optimisation required another GUI to allow the user
initialise a game and observe a game progress and agent interaction. The main elements
of the Agent Optimisation are shown in Figure 8-10.

Figure 8-10 - Agent Optimisation Implementation Structure

The GUI is used to control the optimisation; there is remote access to modify control
parameters during the game by means of an external file. I'he game environment consists
of game rules such as oversubscription threshold, demand requirements and a list of the
current players in the game. The players point to an agent structure. An agent consists of
a utility value, an idle time, a decision network for choosing an action, a current status
and its current position with in the candidate access point grid. The agent decision
network evaluates from potential actions the most rational one to take, these are done
based on a combination of agent percepts and condition action rules. For evaluation
purposes the agent maintains a history of actions.
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